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|. Introduction

Accelerometers and pressure sensors, two typical examples of integrated silicon
sensors, utilize a thin semiconductor diaphragm structure. The thin digphragm, which is
formed by selective etching of the silicon, is used as a stress magnifying device. A
piezoresistivesensor, which utilizes the piezoresistiveeffect of silicon, is the most widely
employed type of sensor using the thin diaphragm. Thisis due to its easier fabrication,
smaller area consumption, larger dynamic response, and more linear response compared to
other types of sensors. For the piezoresistive sensors, afull Whesatstone bridge of diffused
resistorsis usudly formed in a (100) oriented silicon diaphragm to detect the physical
stimulus by an electrical output. The piezoresistiveeffect is achangein the resistivity with
applied pressure, which isdue to the change of the carrier mobility in theresistors.

In the 1980s, most sensor development had shifted to the use of solid-state batch
processes, and there were several important devices in high-volume production. Part of
this change was sparked by the automotiveindustry and its demand for high-volume, low-
cost pressure sensing. Theelectrical performanceof many sensorsdependson the crystal
quality and on an accurate thicknesscontrol of the thin silicon diaphragm structure. Thus
far, thin silicon diaphragm formation has been controlled by either a boron etch-stop or an
electrochemical p-n junction etch-stop technology where a p* diffused layer and ap-n
junction are employed as etch-stop boundaries respectively. The draw-back of these
technologiesis that it is hard to obtain the abrupt doping profile with adesirable junction
depth, especially with deep junctions. Hence it is difficult to control the membrane
thickness. In addition, the heavily doped p* layer not only precludes the formation of
electrical &vices in it, but also causes defects when the lightly doped n-type silicon is
epitaxially grown on that layer. Theeectrochemical etch-stop isinconvenient to usein large
scale manufacturingsinceelecmcal connectionsare required beforeetching each wafer.

A new techniquewhich utilizesa merged epitaxial lateral overgrowth (MELO) of
silicon combined with an SiO, etch-stop and a crystall ographic self-limiting etch-stop wes
introduced last year. Theresult of the new techniqueis a high-quality silicon diaphragm,
well-controlled in all dimensions. The MELO is an extension of the Selective Epitaxial
Growth (SEG) and Epitaxia Lateral Overgrowth (ELO) technologies which have aready
been emploved in the development of nove devices such as three dimensional MOS and
bipelar transistors as well as silicon-on-insulator(SOl) devices. Thisindicatesthat the new
diaphragm forming technique is | C-compatible and can improve the controllability and
repeatability of the silicon digphragm thickness and the digphragm material quality as

~arpared to existing techniques.




The 8i-Si0,-Si structure, which results from merged ELO silicon on the SiO,
mask, providesseveral advantagesover other thin digphragm techniques. First, SiO, plays
a nearly perfect etch-stop when ethylenediamineor KOH-based solution is used for back-
sideetching. Hence the epitaxia silicon on the SiO, iscompletely protected from etching as
shown in Figure 1.1. Therefore, this technique never needs any etching thickness
monitoringwhichis necessary in the conventional methods. Secondly, the thickness can be
controlled much more accurately than the boron diffusion and the boron buried layer etch-
stop techniquessinceit is controlled by ELO growth rate, which can be made less than
0.1pm/min. The growth rate can also be adjusted by the amount of dichlorosilanesource
gas, HCl, and growth temperature used in the LPCVD reactor. Thirdly, the minimum

diaphragm thicknesscan be decreased to as small as 1 pm because the minimum thickness
islimited only by the photolithography and etchingof the SiO, mask.
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Figure 1,1. A novel method of forming thin silicon diaphragm of controlled thickness. (a)
Merged ELO (MELO) structure on SiO,. (b) Etch-stop by Si-SiO,-Si
structure. Completeetch-stopis accomplished by SiO,.




Note that because of an accurate thin silicon diaphragm, the lateral dimensions of sensing
devices can be further reduced keeping identical sensitivity. The smallest dimension of
Si0; can be as small as2 pum wide without problems and the ELO growth necessary to

make a diaphragm structure turns out to be a little greater than 1pum. The remaining SiO,

can be etched with Buffered Hydrofluoric Acid (BHF). If thicker beams are necessary,
SiO; can beleft as apart of suspension beamsor a thicker epitaxial layer can be grown.

Thefollowing is a summary of the proposed research activity extracted from the
1991 proposal. Each topis will bereported in the following chapters.

List of Proposed Research Activity in 1991

* Continuinginvestigation of MELO Technology
- Check theeffect of different seed window preparation such as
wet etched 2um, RIE with Fr115 or Fr116.
- Examine thequality of the MELO silicon by fabricating diodes, bipolar
transistors and p-type piezoresistors, etC.
- Observetheeffect of growth then anneal by further growth.
- Explorethe optimum condition for the MELO process.

* Redlization of Silicon Thin Diaphragm
- Investigate the crystallographi cetching characteristics.
- Design of KOH etching system
- Optimize the anisotropic etch process such as temperature,
the etching solution, cleaning glasswares, masking material.
- Fabricateasilicon thin diaphragm and examine it.

* Fabrication and Evaluation of MELO Accelerometer
- Layout Design of E-beam Mask Set Fabrication
- Investigation of Proof Mass Comer Compensation
- Examine Metal Passivationin KOH etch

- Testing of MELO Accelerometer




Chapter IT describesareview of the present understanding of SEG,ELO, MELO of
slicon and itsincorporation into the development of a new diaphragm formation technique.
The MELO of silicon combined with the self-limiting crystallographic etch-stop was
realized and a new diaphragm technology which allows precise diaphragm thickness
control was verified. The results are divided into four parts. Initial work focused on
characterization of the MELO structure and performanceof the crystallographic etch-stop
has been completed. Secondly, the uniformity of the MELO silicon film has been
examined by evaluating the thickness variation in awafer, and wafer-to-wafer at areference
point. Then the quaity of the MELO silicon film has been investigated by fabricating defect
sensitivedevices, such as diodes or bipolar transistors, on both SEG and MELO silicon,
and comparing their device characteristics. Crystal defect etchingwas a so perf orned

Chapter IIT shows the application of MELO silicon to the fabrication of single
crystal silicon membrane. First, the actual diaphragm structure that has been realized using
the MELO structureand the crystallographicetch-stopisillustrated. Also, the seed window
preparation by reactiveion etch (RIE) for the MELO structure was investigated. Secondly,
acontrolled temperature bath for KOH and EDP etchingof silicon will bedescribed. It was
designed and built to aid in the fabrication for more consistent etch result. Finally, the
characteristics of KOH etch with various parameters - crystal orientation, cleaning,
temperature, doping concentration, masking material are presented.

Chapter IV representsan exampleof gpplication of the MELO slicon digphragm to
silicon sensors - here, a MELO accelerometer. The detail of MELO accelerometer
fabrication and the related subjectsare presentedin thischapter. Firgt, its design and layout
are described. A smple Whegtstone bridge circuit was empl oyed without any compensation
circuits. Different electrical devices such as resistors, diodes, bipolar transistors,
capacitors, were included for characterization of the MELO silicon. Proof mass comer
compensation was obtained from a seriesof back etch experimentsand incorporatedin the
design. Secondly, the front and back-side protection was investigated. Thisis an important
process step and could cause catastrophic results, even after the device fabrication was
successfully completed, if it was not carefully examined. In addition, the front delineation
is explained with a change in the sequence of process steps. Finally, the testing results of
the MELO accelerometer ar e analyzed and the necessary changesof the design described.

Chapter V isasummary of the accomplishmentin 1991.




II. Merged Epitaxial Lateral Overgrowth (MELO) Technology
2.1. SEG, ELO, MELO of Silicon

The selective epitaxial growth (SEG) of silicon has brought much attention for the
developmentof various novel device structures. In SEG, the epitaxial deposition conditions
are adjusted to prevent deposition on the mask regions, usually oxide, while epitaxial
growth occurson the exposed silicon in the seed windows (Figure 2.1(a)). Once the silicon
grows vertically above the mask level, it then grows laterally over the oxide mask asiit
continues its vertical growth (Figure 2.1(b)). This is referred to as epitaxia latera
overgrowth (ELO), and it constructsa locally silicon-on-insulator (SOI) structure. The
epitaxial processcan be continued even further until two ELO frontsfrom different seed
windows meet, forming a continuous film of single crystal silicon, or merged ELO
(MELO) (Figure2.1(c)). Continued growth resulted in aflat and uniform top surface. The
thin silicon diaphragm beams are realized by protecting the top of the MELO film and

etching from the back-sideof the wafer until the etch is terminated by the silicon dioxide
andfor largediaphragmon the SiO, V-groove etch-stop as shown in Figure 2.1(d).

There are several process conditions to be considered in order to achieve good
quality MELO, which can be used for silicon micromachined sensors. Since MELO isjust
acontinuation of ELO, the process conditions considered to improve ELO/SEG are also
applied to the MELO technique. For the SEG and ELO process, the selectivity of silicon
growth isthefirst concern, i.e. the nucleation of polysiliconon the masking material must
be limited. The nucleation depends on the masking material, deposition temperature,
pressure, and the carrier gas. It has been found experimentally that nucleation generally
occurs somewhat less on slicon dioxide than on silicon nitride. In addition, the nucleation
can be suppressed by using reduced reactor pressure, lowering the deposition temperature,
and adding HCl gas to the silicon processgases.

The crystal quality of SEG/ELO dependson severa deposition conditions such as
deposition temperature, pressure, seed surface condition, seed window orientation,
masking material, and contaminantsin the reactor. First of al, oxide has been proved to be
the better masking material than nimde, since nitride generates more stacking faultsalong
SEG sidewallsthan does oxide. Therefore, oxideis generally used as the masking material.
Typical defects generated by interaction between oxide edges and ELO silicon are edge
dislocationsand stacking faults. These effectsare believed to be aresult of the stress relief
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Figure2.1. A wide and thin diaphragm formation using MELO silicon combined with V-
groove salf-limiting etch-stop. (a) Selective epitaxial growth (SEG) of silicon.
(b) Epitaxial lateral overgrowth (ELO). (c) Merged ELO (MELO). (d) Thin
diaphragm gructurewith oxide, and after theoxideisremoved.




caused by thedifferencein the thermal expansion between the silicon and the oxide during
cooling from the growth temperature. The density of these defectsin SEG/ELO can be
reduced by lowering the growth temperature.

The seed window orientation also has an effect on the SEG materia quality. Films
grown on the seed windows aligned to <110> directionsexhibit alarger density of defects
than those grown on seed windows aligned to <100>. Another important factor in the
process is the surface condition of seeds. SEG material grown on (100) substrates shows
superior quality to that grown on (111) substrates because of their lower probability of
stacking fault nucleation. An in-situ precleaning with a hydrogen bake to remove the
substrate's native oxide before epitaxy, is also critical to the SEG material quality. Itis
believed that H, at high temperature acts as areducing agent and removes chemical species

that interfere with perfect singlecrystal formation. It is known that at low pressure and high
temperature SiO, is removed by the H,. Low pressure also enhances the Hz reduction

process by encouraging the removal of other foreign atomsfrom the surface. A RCA clean
prior toloading the wafer into the reactor forms a very thin SiO, layer that al so protects the

growing surface.

The use of HCI al so decreases defect density on SEGEL O films. However, if too
much of HCl is used in the cleaning step, the undercut between silicon and SiO, mask may
occur. Also a high temperature (>1000 *C) H, bake can cause the undercut. Recently, the

effects of water vapor and oxygen levelsin the epitaxy environment were investigated. At
the same temperature and pressure, the quality of SEG/ELO improves with the reduction of
water vapor and oxygen level in the reactor. It was determined experimentally that the
critical temperature, above which deposition of good crystal quality epitaxy is possible, is
governed by the moisture and oxygen partial pressure during preclean and growth.

The method of etching the masking oxide also affects quality of the SEG material
since the sidewall angle of the oxide isrelated to defect generation at the interface. It is
found that the vertical sidewalls tend to yield the best SEG. Wet etching of the oxide never
achievesavertical sidewall due toitsisotropic etching characteristics. The undercut of the
photoresist leaves a near 45 slanted wall. Anisotropic reactive ion etching (RIE) should,
ideally, create the vertical sidewall. However it often creates radiation damage to the seed
surface, leading to defectsin the SEG. In order to maintain the vertical sidewallsand to
heal the surface damage, RIE followed by asacrificial oxide, which is wet etched, isan
aternative.




Uniformity of SEGEL O film on a wafer is very important to obtain consistent
accelerometer results between devices from the same wafer and between epitaxial runs.
Thelocal growth rate of SEG/ELO can be different depending on the ratio of the exposed
silicon seed area to oxide covered area. It appears that growth ratesincreaselocally as the
exposed silicon area decreases. This phenomenon can occur on adevice scaleor on awafer
scale depending on the selective epitaxial process conditions. This is called a "loading
effect” and is not desirable since it causes non-uniformity across a wafer and even in a
single die. Loading effects can be reduced at low deposition temperatures, at reduced
pressures, and with higher HCI concentrationsduring growth. Also, itislesssignificant at
larger Si/Si0, surface ratios where most wafer areais exposed. Typically at greater than

30% excdllent uniformity is obtained, approachingthe full wafer uniformity.

<100> <311>

i Substrate i Substrate

(b)

Figure 2.2. Facet formation depending on the seed window orientation. (a) When oxide
pattern is aligned to <110> directions. (b) When oxide pattern is aligned to
<100> directions.
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The shape of SEG/ELO films and facet formation are determined by the difference
of the growth rates between severd growing crystal planes. The formation of afacet can be
reduced by making seeds oriented along <100> directions, lowering the deposition
temperature, reducing the pressure, and increasing HC1 concentration. The morphology of
SEG filmsis highly dependent on the orientation of the oxide sidewall with respect to the
orientation of the oxide. When the sidewall is parallel to {110) planes, the SEG film
typicaly exhibits {311) facetsadjacent to the Sdewalls. As thefilm continuesto grow over
the oxide, then (111) facets appear on the ELO film as shown in Figure 2.2(a). When the
oxide pattern is parallel to (100) planes, lessfacetingis observed on the SEG and (110)
planesare often observed after overgrowth begins as shown in Figure2.2(b).

Adding HCI, in addition to suppressing polysilicon nucleation on the oxide,
changes the growth rate of the (100) planes relative to that of the (110) planes. A high
HCI partial pressure increases the growth rate of the (110) planes with respect to that of
the (100) planes so that the dow-growing (100) planes remain to bound the deposit, and
vice versa (Figure2.3). Controlling the HCI partial pressure during deposition allows the
possibility of varying the shape of the ELO frontsand consequently obtaining satisfactory
coaescence of two growth fronts. When a high HCI partial pressureis used, the lateral
growth planes become nearly vertica and they may meet together so as to generate a perfect
MELO structure without any groove on the top. However, if they meet first near the upper
edgeof the vertical (100) planes, they may leave avoid bdow the point where the growth
frontsfirst meet (Figure2.3(c)). On theother hand, if alower HCI partial pressureis used,
faceted growth fronts with only a small vertical (100) plane will be developed and
consequently minimizeor eliminate the void when they coalesce. In thiscase, aV-groove
will appear on the top MELO structure and longer epitaxy is necessary to obtain aflat top
MELO. An alternativeis that once the growth fronts merge then the HCI concentrationcan
be changed to enhance the {110) growths and formstheflat top quicker.

For the growth of high quality SEG/ELO material, low temperature, reduced
pressures, and addition of HC1 in the process gas are generally preferred even though the
growth rates are reduced. These conditions give advantagessuch as. enhanced selectivity,
better SEG planarity, fewer stacking faults at the SEG sidewalls, less loading effects,
reduced faceting, and fewer crystal defectsand polysilicon nuclestion.

11
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Figure 2.3. Facet formation depending on the HC1 partial pressure. (a) With littleHCl into
the process gas. (b) With more HCl into the processgas. (¢) When too much
HCI isused, thetop of ELO frontsmeet first and avoid may occur .
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Figure?2.3. Facet formation dependingon the HCI partial pressure. (d) SEM photograph of
a enlongated <110> facet resulted from the reduced HCI gas content in
SEG/ELO process. (€) SEM photograph of merging ELO fronts showing no
voids.
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2.2. Uniformity of MELO silicon

Two most important parametersof an accel erometer areits sensitivity and dynamic
response. Sensitivity of an accelerometer is defined as the fractional change in output
voltage due to applied accelerationdivided by the product of the circuit supply voltage times
the acceleration. The bandwidth of an accelerometer is determined by its first resonant
frequency sincein thisregion the sensitivity variesand the response of the accelerometeris
distinctly nonlinear. Using an idealized two-dimensiona structurein modeling the bridge-
type accelerometer, analytical results for the maximum sensitivity, So, and resonance
frequency, fo, can be obtained. As shown in Equations (2.1) and (2.2), the thickness, t, is
more dominant than other terms such as beam length (71), beam width (w), number of
beams (n), and proof mass (m2) in both equations.

I
So=3m [—3;:2] @1
-
fo = | WEL 22)
2n I?mg

Therefore the control of the thickness becomes quite important for the fabrication of
sensitive and consistent accelerometers, hence the uniformity of the MELO silicon was
examined throughout the research whenever possible.

Selective growt h was carried out in Gemini | LPCVD reactor, an R F heated
pancake reactor, in the Purdue University Solid State Laboratory. After the wafers were
placed in the reactor, they were heated to the deposition temperatureof 970°C or 1020°C.
Then they were subjected to a 5 minute bake, in a hydrogen ambient at 40 or 150 Torr,
which is the deposition pressure, to remove any remaining native oxide from the wafer
surface. Subsequently, HCI wasintroduced and the substrateswere etchedfor a short time,
typically 30 seconds. Theresfter dichlorosilanewas added as a silicon source gasto initiate
the deposition and HC1 gas was added to enhance the selectivity by preventing the
formation of polysilicon on the silicon dioxide. ELO growth rates of approximately 0.1
pm/min have been accomplished. These conditionsled to planar SEG with good selectivity
and minimum visibledefects. The growth morphology was examined using the scanning
€l ectron microscope (SEM) and a Nomarski illuminated microscope.




A test mask, illustrated in Figure 2.4, was designed,produced, and implemented for
realizing a wide thin silicon diaphragm using the MELO technology and the new etch-stop
aswell asfor MELO growth rate characterization. The growth rate of the MELO films was
calculated by measuring the film thickness over thelarge oxide regions (>100um) with an
alphastep profilometer. Figure 2.5 shows the places on the wafer where the measurements
were taken. Positions 1 through 8 correspond to the large oxide islands in quadrant #3.
Theseislands are clearly shown on the mask layout in Figure 24. Note that each vertical
bar in quadrant #1 of Figure 2.4 consists of aset of 5 x 1200 um? rectangular oxideislands
separated by 2um wide seed holes.
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Figure 2.4. Layout of the second test mask.

Quadrant #1

Quadrant #2

Quadrant #3

Figure2.5.MELO thickness measuring positionson the wafer.
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Table 2.1 isan exampleof the statistical resultsof the MELO silicon growth on the
wafers over four different selective epitaxia runs. All wafersin each run used the same
pattern and orientation. The silicon film thickness analysisis taken across the wafer; in
other words, twenty different positions (shown in Figure 2.5) across each wafer were
measured for silicon film thickness. To help understanding the summary tables, refer to
the original data sheet of thefirst epi run givenin Figure 2.6. Statistical parameters, such
as the average growth, the standard deviation, and the percent variation are calculated
across awafer (down acolumn) over twenty different locations. Thus, thelast threerows
in Figure 2.6 arethe values listed in the middle threecolumnsof Table21. However, note
in the data sheet that the same parametersmay be calculated for a particular location (on the
wafer) over all wafers, shown in thelast threecolumns. These parametershave a wafer to
wafer basisand are not listed in thesummary tables. To better visualize the wafer to wafer
parameters per run, the ELO thicknessfor the wafersof Table 2.1 has been plotted against
position (Figure 2.7; also known as growth profile), and the standard deviation and the
percent variation of all wafers are graphed versus position as well (Figure 28). The
significance between the parameters within a wafer and the parameters with a wafer to
wafer basis will become apparent in the following discussion.

JABLE 2.1

Statistical Results of ELQO Growth

Run #1:

growth condltlon: 80 min. at 1020°C
Pressure: 150 Torr
Oxide thickness: approx. 0.5um

Wafer  Avg. Growth Std. Dev. % Variation  Avg. Growth Rate

GTS 10.43um 0.30um 2.90 0.130pum/min
GT6 10.48um 0.59um 5.65 0.131um/min
GT4-tn 10.08um 0.44um 4.32 0.126um/min
GT5-tn 10.11um 0.45um 4.44 0.126um/min
GT6-tn 10.37um 0.40um 3.84 0.129um/min

GT7tn  10.17um 0.60um 5.87 0.127um/min




Run #1 Data Sheet

GTS GTé GT4-tn | GT5-tn | GT6-tn

Position[ (um) | (um) | (um) | (um) | (um)
1 10.34 10.4 10.06] 9.985 10.26 7
2 10.290 10.33] 9.905 9.845 10.09 1.6
3 1022 10.168] 9.77] 9.745 10.05 1.6
4 10.25] 10.07] 9.685 9.66 9.905 1.6
5 10.06 9.725 9.4 9.405 9.73 1.7
6 10.01 950 934 93§ 9.69 1.7
7 9.7 9.39 9.135 92 96 2.3
8 9.2d _ 1.6
9 10.67] 11.04] 1052 10.46] 10.61 1.91
10 10.71] 11.14 1057 10.65 10.91 . 1.86
11 10.74 11.058) 1058 10.56] 10.85] 10.78] 10.76] 0.18 1.69
12 10.86] 11.1 10.59] 10.61 10.8] 10.74] 10.79] 0.20] 1.8
13 10.64 11.07] 10.38 10.44 10570 10.6] 10.69 0.24] 2.29|
14 10.52] 10.94 10.41] 10.57 10.78] 10.8] 10.67] 0.19] 1.75
15 10.71 10.8] 10.43 10.47] 10.75] 10.71[ 10.65 0.15 1.43
16 10.8f 11.03] 10.424 10.47] 10.68] 10.51] 10.65 0.22] 2.0
17 10.58 10.89 109 10.27] 10.4| 10.41] 10.45 0.24 2.31
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Fi gure 2.7. Growth profiles of thefirst run (1020°C).
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In the run of Figure 2.6, the growth was performed at 1020°C and 150 Torr. The
variation of growth in awafer is within 6% for al sx wafers, the lowest being 2.9% for
wafer #GT5. After examining the uniformity of MELO dglicon from numerous runs at
different pressures (150 Torr & 40 Torr), and at different temperatures (950°C, 970°C &
10200°C), it was concluded that |ess than 10% growth variation (the accepted range) across
awafer isaways attainable. The growth profilein Figure 2.7 shows adecreasedf growth
radially outward in quadrant #3. This is merely an indication that the susceptor in the
reactor has a temperaturegradient, which has been verified by Ge dot melts. The same
growth reduction was observed for the low temperatureruns. Correction can be made to
the reactor by adjusting the RF heating coils such that better uniformity may be ensured
during growth.

As for the wafer to wafer variation in each run, the growth profile of each run
(Figure 2.7) illustrates that the epitaxial thicknessat any given position on awafer deviates
very littleframthat at the same position on other wafersin the same run. This can be
further verified by the corresponding bar graph (Figure 2.8) that displays the standard
deviation and the percent variation a any given wafer location per run. In therun of
Figure 2.6, the percent variation at a specificlocation islessthan 2.5%, whereasin the low
temperatureruns the variation is not as good as the higher temperature runs. The nearly
constant thickness among the wafersin the same run a higher growth temperatureindicates
that any thicknessof the digphragm beam can be repeatedly grown in the reactor a Purdue
University.

Lastly, it will be explained that the dight increasein the percent variationat a reduced
growth temperature is a trade off for a better silicon quality, whichisalwaysdesired in the
semiconductor technology. As mentioned before, the percent variation from wafer to wafer
a high temperatureis dightly lower than thet at lower temperature. Thismay be explained
from agrowth rate point of view. The growth rates at high temperaturesare awayslarger
and more consistent among the wafersin arun than those at low temperatureruns. Thisis
due to the increase in the reaction rate of the reactants at higher temperatures, which
ultimately increasesthe overall growth. Thus, at low temperature, low reaction rate across
the wafer resultsin less consistent growth rates among the wafersin a run; therefore, an
increasein the percent variation fromwafer to wafer. However, better quality of slicon is
obtained at lower temperatures.
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From the above discussion for four different growth runs, the following

conclusionswere made.

1. Temperature gradient across the susceptor isevident in al growth profiles
and has been verified by Ge dot melts.

2. Repeatability of the growth in the reactor is very consistent,
a. for withinawafer averageand
b. for at agiven position average.

3. Uniformity isimproved at high temperatureruns.

4. Increased temperatureyields higher growth rate due to theincrease in the
reaction rate of thereactants.

5. Lowering of the temperature hasslightly increased the percent variation of
the growth from wafer to wafer; however, the surface topology appears
excellent.




2.3. Evaluation of MELO Silicon
2.3.1. Device Fabrication - Bipolar Junction Transistor

Asshown in Fgure 2.3, when the two ELO fronts merge on the SiO2 mask
the MELO siliconfilmmay have avoidsor defects dong and near the merging seam. By
optimizing the silicon epitaxy condition, the voids can be minimized or eiminated. The
defects induced by the merging mechanism can be physicaly examined by defect
decorating etch such as Secco etch or Wright etch. It is, however, moreintriguing to find
out if thosedefects would play asignificant rolein theeectronic device characteristics. In
order to evauate whether the MELO technology is suitablefor electronic devices such as
resistors, diodes, or transstors, it isimportant to build devices on the MELO film and
examine the device characteristics. The testing device structureswere designed to include
bipolar junction transistors (BJT) which are one of the most sensitive devices to materid
defects. With this design, both base-to-emitter (B-E) diodes and base-to-collector (B-C)
diodes were evauated, in addition to the BJT device. By fabricating such devices on bath
SEG and MELO dlicon, the dectricd characteristics such asdiode idedlity factor, junction
leakage current coul d be compared.

G device MELO 1 device MELO-m device
Figure 2.9. Top view d the BJT devicefor MELO slicon materid evauation.
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The bipolar junction transistor layout is shown in Figure 2.9 which contains two
different sizesof emittersin order to observeany perimeter effects. They arc placed in each
die 90 that MELO glicon material can be evaluated across the wafer. Thefabrication of BJT
devices can be accomplished by adding only two more masking steps to the MELO
accelerometer fabrication process. The additional two masking steps are base (mask #4)
and emitter (mask #5) implant pattern. The full MELO accelerometer fabrication
procedures, including BJT fabrication steps, ar e describedin chapter 4.

The&vices werefabricatedon three typesof silicon crystal materia for comparing
the material quality between SEG and MELO silicon: SEG, MELO-1, and MELO-m.
Figure 2.10 illustrates the cross section diagram of BJT &vice fabricated on those three
types of film. SEG silicon (Figure 2.10(a)) is a single crystal grown on a large seed
window (or silicon field area) selectively. Since the SEG silicon is grown far away from
the 8i0y mask, its growth is hardly affected by the SiO, mask. The quality of the SEG
silicon can be compared to the substrate silicon and hence the devices fabricated on the
SEG silicon have repeatedly shown the electrical characteristics comparableto those on the
substrate silicon. Therefore, other typesof the & vices can be compared to the SEG device
for the evaluation of the devices as well as the material. MELO-1 (Figure 2.10(b))
represents the MELO silicon grown over a single oxide strip whereas MELO-m (Figure
2.10(c)) represents the MELO silicon grown over multiple oxide strips, here 13 oxide
strips. Consequently, MELO-1 silicon has a single merging seam, and MELO-m silicon
has several merging seams. The devices were fabricated on these two types of MELO
slicon in order to examine theinfluenceof the oxide stripsand the corresponding merging
seams above them.

The testing results of BJT devices averaged over a number of diesare summarized
in Table 2.2. As mentioned earlier, the SEG devices are showing excellent electrical
characteristics. Theideality factorsfrom base-emitter and base-collector p-n junction diodes
are aimost unity and the reverse biased junction |eakage current density from those diodes
are adso very low. The electrical testing resultsof the MEL O-1 and MELO-m devices are
not as good as the SEG devices. The idedlity factor of the base-collector diodes are still
comparableto the SEG & vices and it indicatesthat the materia qudity of the MELO silicon
can become as good as the SEG silicon. Also the leakage current of all three types of
devicesare comparable. Thisindicates the MELO dsilicon is good enough for the majority
carrier dominant devices such as piezoresistors and MOSFETs as well as diodes and BJT




devices. The measured BJT L vs. V¢, plotsfrom three typesof devicesare illustratedin
Figure 2.11.

Table 2.2. The testing results of BJT devices fabricated on SEG/MELO S

ma 1N (ideality factor) leakage current (A/cm<)
types

B
SEG T.01 1.00 9.70x10-% | 5.63x10© | 95
MELO-1 1.33 T.12 4.98x100 | 6.25x105 | 12
MELO-m ~1.23 1.011 1.85x10°6 | 1.16x10 | ~I2
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2.3.2. Crystallographic Defect Etch

The conventional Secco defect etch (one part of 0.15 molar solution of KoCrqy04
plus 2 parts of HF) has been executed on MELO silicon for examining crystallographic
defects. Preliminary results show that oval shaped etch pits occurred around the merging
seam of the MELO silicon. When two advancing ELO fronts merge at the middle of the
oxideisland, they produce a thermomechanical stress along the merging seam and thereby
induce dislocation faults. Also the temperature gradient in the reactor and the difference of
thermal expansion coefficient between silicon and silicon dioxide (SiO5) may play arolein
inducing these dislocation faults.

Figure 2.12. Mergingon Oxide islands with different width in test nask.

The test mask has different oxide widths starting from 5pm up to 10pm as shown
in Figure 2.12. MELO silicon was grown over these oxide islands on a wafer in a same
run. Asillustrated in Figure 2.12 merging will occur on the Spm wide oxide island first
and finally on the 10pum wide strips. Figure 2.13 shows the variation number of etch pits
and the etch pit densities which resulted from a 90 second Secco defect etch on MELO
silicon grown on different width oxideislands. Both the number of defects and the defect
densities are increasing with the wider oxide islands (Figure 2.13) while having the
identical MELO silicon. Since the MELO silicon forms on narrower oxideislands earlier
than on wider oxide islands, the merging seam area on narrow oxideislandsiscovered by
thicker single crystal silicon. While the MELO silicon is forming on wider silicon islands,




the defects around the merging seam on the narrower oxide islands gets healed during the
subsequentfilmgrowth. Therefore, fewer defects propagate to the top of the MELO silicon
where the Secco etch has decorated the defects.

In the accel erometer design, piezoresistors are fabricated on the top 1 pm out of a
10 um thick MELO dlicon film grown over agroup of 5 #tm wide oxideislands. As shown
in Fgure 2.13, both the number of defects and the defect densitiesover 5 pm wide oxide
iSlands ar e minimum and ar e within areasonablerange. The test resultsof the p-n junction
leakage current densitiesfrom the diodes fabricated on the 10 um thick MELO film showed
reasonableleakage. In fact it is much lower than the leakage data provided to us from Delco
for their resistor on much thicker (~25um) epitaxial silicon on P+ layer. Therefore, for
thick MELO fi| mthe dislocation faults resulting from merging are not playing acritical role
in device performance. However for thinner MELO film afurther research to reduce defect
countsis recommended.
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Figure 2.13. Results of Secco etching. (a) Graph showing # of etch pits vs. width of oxide

islands. (b) Graph showing the variation of defect density with the width of
the oxide island.




2.4. Seed Window Preparation Using Reactive lon Etch (RIE)

The epitaxia lateral overgrowth (ELO) technique uses single-crystal silicon grown
selectively out of a seed hole( SEQ etched in an oxide mask layer. The seed hole window
opening playsacrucial role in ensuring better quality selective epitaxial silicon. Usualy an
oxide with a straight edge and a uniformside-wall results in a fewer number of stacking
faults and thereby ensures better merging of the two advancing ELO fronts. Opening of the
seed hole by wet etching resultsin widening of the masked line width by undercutting the
photoresist mask. Especially for thicker oxides, this undercutting becomes considerable
and the oxide side walls become danted. For this reason an attempt was ma& to open the
seed windows with reactiveion etching (RIE) which is highly selective to the removal of
oxide as compared with silicon. In addition RIE should also etch the oxide anisotropically
to produce the controlled vertical sdewalls.

Reactive ion etching is becoming increasingly important in microelectronic
fabrication because of its ability to limit the dimensional changes to a minimum while
patterning. The development of a plasmaprocessis asomewhat complex due to the number
of variables (type of reactor, type of gases, pressure, power, flow etc,) which may
potentially influence the etching behavior. Usudly the R E processinvolvesthe use of a
glow discharge to generate reactive species from relatively inert molecular gasesin a
controlled pressure etching chamber. These reactive species combine chemically with
certain solid materialsto form volatilecompoundswhich are then removed by the vacuum
pumping system. For the experimentsat Purdue University aDrytek DRIE-100 13,56 MHz
pardlel plate plasma etcher was used. Figure 2.14 shows a schematic of the basic system.
This system was a generousgift from Delco Electronics.

This RIE system is equiped with six individual etch platforms, each with its own
tuning net wor k and gas distribution S0 that up to six wafers can be etched smultaneoudy a
the same etch rate. Gas flow, system pressure, and the etch times are all electronically
controlled to provide better uniformity. The wafers are al'so water cooled and are kept at
lower temperatures even with higher power dengities.
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Figure 2.14 Schemétic of the Drytek DRIE-100RIE system

Direct exposure of the silicon substrate to the reactive processes was avoided by
keeping less than 1000 A of oxide at the base of the seed hole cavities. Therefore the usud
|attice damage introduced into the silicon substratefrom bombarding action and plasma
species related impurities trapped in the silicon lattice were limited. After the RIE the
remaining oxide was removed by a short BHF dip. This short wet etching didn't have a
chance to make the oxide side-walls dant considerably. A typica etch profile (etch depths
before and after BHF dip with the photoresistsremoved) is shown in the Figure 2.15. The
figureclearly showsthat the short BHF deep iSs removing the nonuniformity that resulted
from the RIE.

Table 2.3 liststhe etch gases usad in these experiments and their corresponding etch
rates for silicon, §i072, and photoresist. The etch rates were estimated by measuring the
etch depths using a Tencor apha-step profilometer. It isclear that Freon 116 is having the
highest selectivity to SiO2 over silicon. Whereasdue to the presenceof Cl in Freon 115t
is etching more silicon than oxide. In case of the photoresist AZ 1350 both etchants, even
a different etching conditions, have shown the same selectively ( ~1:1) to oxide. It is
believed that the fluorocarbonionsfrom the Freon 116 plasmareactswith SiO7 during the
ion bombardment and forms volatile SiF4 while suppressing the etching of silicon by
forming acarbon coating.
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TABLE 2.3

DIFFERENT RIE GASESAND THEIR ETCH RATES

GASFLOW RATES .
IE;I—)%VF!'ES?%V) PRESSURER | pooni16  Freon115 | _ETCH RATES (W/min.
1000 495 150 ?? 100 100
1000 300 150 10-20 50 48
750 ALAP — 95 350 100 100
500 ALAP 95 100 50 50

32




241 R E with Freon 116 (C2Fs)

In the DRIE-100 etcher the exposure of Freon 116 plasmato silicon resultedin a
residue (mostly florine polymer) on the whole wafer when the etching was performed at a
relatively high pressure (495mT). Even a slight exposure of silicon at the wafer edges
resulted in this residue deposition on both silicon and oxide and thereby stopped theoxide
etching. Higher temperature annealing or plasma ashing didn't remove the polymer
athough they were the two suggested remedies publishedin the literature.

Figure 2.16(a) shows a SEM photograph of the cross section of the polymer
deposited oxide islands. In Figure 2.16(b) a more magnified view of the residue on the
oxide surface at the seed holes is shown. Hereit clearly shows the deposited residue on the
unetched base oxide in the ssed hole. This residue isonly etched in BHE at a very slow
rate. By thetimeall the polymers were removed the oxide islands were al so etched away in
BHF.

Another interesting observation occurred when wafers with more oxide to be etched
were loaded in the etch chamber; the residue deposition started even earlier (within 10
minutes of etching). This suggests a possible link between the deposition of the polymer
and the loading of the etcher. Reduction of the operating pressure has shown gradual
improvement in preventing the polymer deposition. But at a lower pressure it was very
difficult to have a sustained plasma. The lowest possible pressure for uniform sustained
plasmain the RIE system was achieved at 300mT without changing the operating power
(1000 W) and the gas flow ( 150 SOQV) . We believe the reduced pressurein the chamber
has established a more ion-bombardment dominant environment during the etching and
thereby the reactive compoundsresulted from the chemical reaction areeasily pulled away
from the oxide surfaces. The sacrifice made at this new setting is the etch rate, which is
now half of the previous value (down to 50 A/min) (Table 2.3).




Silicon Substrate

(a)

bog6bod PoBwodl

photoresists

"Silicon Substrate |

(b)

Figure 2.16. Polymer deposition on wafer while etchingin Freon 116 plasma at 495mT
and 1000 W. (a) SEMphotograph of polymer on the seed holes .(b) SEM
photogr aph showing the polymer in the seed holein a magnified view.




Figure 2.17(a) shows an SEM photograph of the oxide side walls which were
etched by Freon 116 at the new setting (Pr=300 mT, P=1000 W, Flow= 150 sccm ). To
avoid charging on the insulator surface while taking the SEMpicture a thin layer of poly-
silicon was deposited on the etched seed holes and the oxides were removed from the
cross-section by a HF wet etch. A closer view ispresented in Figure 2.17(b). The vertical
wall resulted in this anisotropic etching is close to 85 degrees and the oxide thicknessis
about 1 pm. During the 200 minutes of etching no polymer deposition was noticed on any
parts of the wafer. The etching was stopped while there was about 600 A of oxide |eft at
the base of the seed holes. Thisleft-over thin oxide was removed in a short BHF dip. As
shown in Figure 2.17, thisetching (BHF dip) didn't make the oxide side walls slant.
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Figure 2.17. RIE etching of oxide in Freon 116 at 1000 W and 300mT. (a) SEM
photograph showing the vertical side walls of the oxide after etching (a thin
poly-silicon layer is deposited for better clarity of the SEM). (b) A more

closer view shown in the SEM photogr aph.




24.2. RIE with Freon 115 (C2ClIFs)

While Freon 116 was initialy selected for RIE due to its highly selective etching
characteristicson the oxide over silicon, Freon 115 was also examined as an dternative.
Sinceit was planned to stop the etching by keeping less than 1000 A of oxide in the seed
holesit was not necessary to worry about the etching of the silicon substrate. One of the
advantageswith Freon 115 was that the deposition of polymer on the wafer never occurred
regardlessof the etching pressure.

In achieving the vertical wall SiO, of the seed window for silicon epitaxy, the
photoresist profile control became very important. The reactive ion etchingis often usad for
making a vertical wall structurein the substrate. However, if the mask materia profile is
not well controlled, then it becomesdifficult to achieve a vertical wall because the RIE
etches the masking material and the substrate at the same time. Therefore, when the
masking material profile has a danted dope, the substrate will be etched following the
danted dope. The SEM photograph shown in Figure 2.18 is an exampleof the danted side
wall produced by RIE becauseof the danted photoresist Sdewall profile. A thin polysilicon
layer was deposited on the etched surface and the oxide was removed to increase the clarity
of the SEM photograph.

In order to control the photoresist profile, the humidity and temperature should be
carefully controlled When the AZ1350J-SF positive photoresist was spun a 4000 rpm for

30 sec. followed by 90 *C soft-bake for 30min., the photoresist profile after patterning
became danted as shown in Figure 2.16 (b) and resulted in the danted SiO, sidewal| after

RIE with Fr115. The resist thinning at the oxide edge has resulted in an oxide sde-wall

dant similar to wet etching. However, after optimizing the soft-bake temperature and the
time to at 110 *C for 30min., the SiO, sdewall profile improved to 75 to 80'. Thisis

clearly shown in the SEM photograph in Figure 2.19. The photoresist profileis close to
vertical and the SiO, sidewall also follows the same vertical line. The etch rate of SiO, is

about 100A/min which is about twice faster than Fr116 and hencelesstimewill be required
to etch the sameoxidethickness.
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Figure 2118. SEM photograph showing RIE etched oxide side walls in Freon 115 with
normal soft baking at 90' C. ( a thin poly-silicon is deposited on ttop of the
etched seed holes for better SEM picture.).
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Figure 219. SEM photograph showing virtually vertical oxide sidewalls (75") by RIE with
Freon 115 with better photoresist profile by soft bakingat 110" C.




[11. Application of MELO Silicon

3.1. Single Crystal Silicon Membrane Formation

Due to thefact that the aspect ratio (ratio of lateral growth over vertical growth) of
ELO silicon isinherently close to unity, the minimum thickness of MELQ silicon to form a
flat small area silicon diaphragm needs to be alittle greater than half of the SiO2 width
while the length can be of any size. Therefore, with asingle Si0; island (Figure 1.1), the
diaphragm is limited to a very narrow dimension of 1 um to 20 um of almost any length
and thickness. For awider and thin membraneformation with asingle SiO, isand, quite a
long deposition time silicon epitaxy and subsequent planarization step arerequired Thatis
not very economical and will not be acceptablefrom the manufacturer's point of view.

Therefore, for reasonably wide (50 to 500pm) and thin (10to 25 pm) diaphragms,
amodified membrane structure needs to be employed. A wide and thin diaphragm can be
constructed by MELO silicon on severa oxide strips, between which several narrow seed
holes are formed, combined with V-groove self-limiting etch-stop as shown in Figure
2.1(d). The V-groove etch-stop technique makes use of the different etch rates & pending
on the crystal orientation . The etching should then be limited by the oxide strips and the
slowly etched crystallographic planes in the original seed windows between the oxide
strips. When the photo mask is parallel and perpendicular with the <100> directions the
etchislimited by the {110} planes since the silicon crystal etch rateisin the order of (100)
> (110) > (111). The thickness of the diaphragm will be still controlled by the MELO
growth rate which is approximately 0.1 pm/min.

The thickness variation from the crystallographic etch-stop in the exposed seed
windows between the oxide islands needs to be minimized in order to optimize the
uniformity of the diaphragm. Minimizing the number of the seed windows is one way to
reducethe variation of thediaphragm thickness. Another way to improve the uniformity of
the diaphragm is to minimize the seed windows between the oxides since the V-groove
depth is proportional to the seed window width. Thisislimited by the photolithography
[imit and the minimum seed window. To work comfortably at Purdue University Solid
State Laboratory, arange of 2 um was selected.




Fabrication of the thin and wide digphragm starts with an n-type (100) slicon wafer
of 10-15 ohm-cm that was thermally oxidized and then 2 pm wide rectangular seed holes
were patterned into the oxidein the <100> directions. The thickness of the SiO, idands
was about 1 um and their other dimensionswerc 5 um wide and 1000 um long. Selective
Epitaxial Growth (SEG) of silicon was used to fill seed holes with single crystal silicon
without any nucleation of polycrystaline silicon on the etch-stop oxide. As growth
proceeds, single crystal silicon is grown out of seed holes both vertically and lateraly
across the $i0, toform an MELO dilicon film. Figure. 3.1(a) shows the structureof MELO
formation on the oxideidands with aflat top surfaceof the MELO film. After merging of
the EL O, the growth was terminated once a flat top surface was obtained. The flat top
MELO silicon layer over the 5 um wide oxide idands was obtained in 80 min at 1020°C
and was about 9 pum thick.

After aflat top MELO silicon was obtained, both sides of the wafer were protected
by depositing layersof silicon nitride and oxide, Silicon nitride and oxide were deposited
by low temperature plasmaenhanced chemical vapor deposition (PECVD) for protection
during the long anisotropic back-side etching. PECVD was employed ingtead of LPCVD
techniqueto avoid a high temperature processfor any devices that had been fabricated on
the same wafer beforehand. Silicon nimde is considered to be stronger mechanically than
$i0, and shows superior masking characteristicsto wet etches. The remaining step is the
formation of MELO dlicon digphragm by anisotropic wet etching through awindow in the
backside of the wafer. Etching patterns were photolithographically defined on the back of
the wafer and the nitride etched. The anisotropic silicon etch was performed with a KOH-
based etch solution (or ethylenediamine-based solution (EDP) can be used). Etching
continued until it reaches the bottom side of the SiO, idands which act as an etch-stop
layer. In the narrow seed hole regions, the etch stopped by forming V-grooves along the
dowly etched cystalographicplanes asillustratedin Figure 3.1(b). After the singlecrystal
silicon diagphragm forms, the SiO, idandsand the silicon nimdecan be removed to release

any compressiveor tensilestress on the MELO.

As ademongtration exampleof the technology and its thicknesscontrol capability,
severd wafers were fabricated with aMELO slicon layer 9 um thick over 5 um wide oxide
islands. Neither voids nor visible crystd defects were observed a the merging planein the
middle of the oxideidands, implying good crystal merging of the MELO silicon. Figure
3.2 shows a scanning el ectron microscopy (SEM) photograph of a top view and a cross
section of the SEG (left side) and MELO silicon over oxide idands. Note the very smooth
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top surface. The growth topology of the SEG and MELO silicon did not show any
thickness difference under Nomarski illumination or by profilometer measurements.

Figure 3.3 illustrates a cross section of the 250 um x 1000 pm MELO silicon
diaphragm structure achieved after etching fromthe backsidein a KOH-based solution at a
constant temperature of 80 | °C Theetch solution was a mixtureof 47 gof KOH, 127 ml
of [ water, and 39 ml of n-Propanol whose etch rate was about 1 pmy/min for silicon and
30 A/min for SiOy.

MELO Si

Figure 3.1. Large Areasinglecrysta silicon diaphragms. (a) Flat top MELO silicon with
oxide stripesand seed holes (b) MELO silicon diaphragm after back-sideetch.
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MELO silicon

Si substrate

(b)

Figure 3.2. SEM phatograph of SEG and MELO dlicon (a) top view (b) cross section.
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The measured MELO film thickness was 9 pm with astandard deviation of 0.5um
over the entire 3” wafer, indicating excellent thickness control. Figure 3.3 shows the V-
groove etch-stops on the bottom of the diaphragm. Theformation of <2 pm deep etch-stop
V-grooves took place between each of the original oxide islands since the oxide seed
windows were wider than 2 pm, due to wet chemical etching. However, their depth can be
minimized by reducing the seed hole width to <1pm and by etching the seed holes with
reactive ion etching (RIE). Any damage possible from the RIE can be prevented by
stopping the RIE just prior to the bottom SiO,/Si interface and removing the residual oxide
by wet etching prior to SEG. Theeffect of the V-grooves on the stress distribution for the
top-side piezoresistors is small if their depth is less than 10% of the total diaphragm
thickness. The diaphragm thickness presented here can be nade thinner by using narrower
Si02 idands.

oMY LLIRn 5 UNPUY r e

MELO top w
ELO silicon

N cich-stop V-grove §

Figure 3.3. SEM photograph of cross section and top of MELO silicon membrane.




3.1.1. Controlling the V-Groove Depth into The Membrane

The relatively wide and thin single crystal silicon diaphragms are formed by
exploiting the advantages of merging of advancing ELO fronts and the formation of V-
groove self limiting etch-stop during the back side etch. Controllability of the depth of the
V-grooveetch stopsis essential when forming the beams from backside etching. Figure
34 illustrates two cases where the V-grooveis terminated. Two factors are considered
when controlling the V-groove etch depth; interfacial bond strength at the SEG/SiO,
interface and the SEG seed hole width. In thefirst case, a weak bond a the SEG/SiO2
interface will increase the etch rate of silicon around the oxide in the anisotropic KOH
etchant and not stop at bottom edge of the oxide. Therefore the depth of the V-groove etch
stop will increase. In the second case, alarge seed hole defines the opening size of the V-
groove and, therefore, the depth of the etch stop. Reduction of the etched VV-groovescan be
accomplishedby strengtheningthe interfacial bond and by tightening the width of the seed
hole.

(a) ‘BﬁginJ(Seed Windows

Figure 34. A wide thin diaphragm formation using MELO silicon combined with V-
groove self-limiting etch stop: (&) with normal MELO silicon; {b) with the
improved SEG/SiOz2 interface.
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An attempt was made to minimize the effects of the V-grooveson the topology of
the beam. First, to limit the depth of the V-groovesinto the membrane we need to ensurea
stronger bonding between the SEG silicon and the oxide sidewall S0 that while etching we
can expose the etch limiting <110> planes earlier along the oxide edges. Secondly, since
the V-groove depth is proportional to the width of the seed window, a reasonably narrow
(2um) seed windows were selected.

SEG/SiO, interfacehas been investigated due to the largeinterfacial leakage current
observedin the SEG/ELO |C fabrication. The increasein theinterfacial statesis aresult of
the weak atomic bonding formed between the SEG silicon and the oxide wall. Evidenceof
the weak bonding includes the enhancement in the impurity diffusion down the sidewall
and the silicon etch rate increases along the SEG/SiO, side walls. Possible explanationfor
the existence of the weak bond can be based on the following reaction, occurring at the
interfaceduring the epitaxial growth.

SiO + i ---> 28i0 ()

This reaction etches away both the silicon atoms and the oxide atoms at the interface,
which, in effect, leaves a sheet of atomic voids and therefore resultsin a weak bonding
from incomplete bond formation. Figure 3.5(a) shows the silicon near the SiO, strips

etched faster, hence deeper than other parts of the SEG. Figure 3.5(b) shows how this
causes the undercut of the SiO, and therefore deeper V-grooves.

Recent articles have stated that the interface shows improvement after a post
epitaxial oxidation trestment (PEOX). Thisindirectly implies that the interface can be
healed by normal post-epitaxial re-oxidation. During there-oxidation, theinterface becomes
oxygen-rich and close to a thermally oxidized silicon surface which typically shows
complete and strong bonding with few interface states. Taking advantage of this
improvement, the PEOX process can beincludedinto the norma ELO/MELO film process
without further complexity.
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Figure 3.5 KOH etching of MELO to from V-grooves (a) SEM photograph showing
enhancement of etching of silicon near silicon /oxide interface (b) SEM
photograph showing the cross-section of the v-grooves having considerable
amount of under cutting.




To incorporate this PEOX process into the SEG/ELO and MELO process the
following approach illustrated in Figure 3.6, was attempted. Seed holes were patterned by
wet etch followed by SEG growth. The duration of EPI growth was set such that the SEG
coming out of the seed hole just begins to spread laterally over the oxide [Figure 3.6(a)].
Then, alayer of thermal oxide was grown on the SEG/ELO [Figure 3.6(b)]. At this step,
the oxygen molecules will diffuse down the SEG/SiO2 interface, fill the atomic voids
created by the above mentioned reaction, and at the same time, completing the interfacial
bonds. The thermal oxide was removed by BHF and then the ELO islands were planarized
by chemical mechanical polishing (CMP) to remove any planes other than the <100>
exposed on the top surface of the remaining SEG inside the seed hole [Figure 3.6(c)].
Finally MELO was grown from these post epitaxial oxidation treated seed holes[Figure
3.6(d)] Toinvestigate the effect of PEOX treatment on limiting the V-groove depth while
etching, the wafer was put into KOH etchant for a short period of time after removing the
thermal oxide from the top of the ELO islands. Finally the wafer cross section was
examined under SEM to investigate whether there was an early exposure of the etch
limiting <110> planes at the sidewall of the oxideislands.

Thicker oxide was chosen so that the etch can ke stopped while the silicon is still
left in the oxide step of the seed hole. Since the etch rate of silicon in KOH is about
1pumymin., it was very difficult to stop the etch so that silicon was left in the oxide step.
When the oxide side wall is slanted either by wet etch or RIE, early exposure of the etch
limiting <110> planes at the side wall of the oxide step was not noticed even though the
SEG/ELO grown from these seed holes were subjected to PEOX treatment [Figure 3.7(a)].
Even a 60 second KOH etching has resulted in a small amount of undercutting [Figure
3.7(a)]. However the etching characteristics of silicon near the oxide interface showed
considerable improvement. As shown in Figure 3.7(b), theegual etch of both SEG silicon
away from oxide and SEG silicon near the oxide strips was observed. This indicates that
the SEG/oxide bonding at the interface has been improved by thisPEOX process.
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SiO2
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(a) SEG/ELO growth to top surface of oxide islands

SEG-Si

(b) Oxidation to strength SEG-Si/SiO2 side walls.

SEG-Si

(c) Removal of oxide layer in BHF and after
CMP

MELO-Si

Sio2

(d) Continuation of ELO/MELO growth to flat top

Figure 3.6. The SEG/ELO/MELO process including PEOX process.
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Figure 3.7 KOH etching on PEOX treated seed holes.(a) SEM photograph showing the
cross-section of the v-groove formation in Freon 115 etched seed hole.(b).
SEM photograph showingequal etching of silicon in KOH near and away from
oxideinterface,




An attempt was made to investigate the effect of PEOX treatment on V-groove
formation on SEG/ELO grown from more vertical oxideside walls. An 1pum thick thermal
oxide was grown on (100) n-type wafers. The seed windows were etched by RIE with
Freon 116 gas plasmafor 200min at 1000W and 300 mT (about 500A of oxide was |eft
and removed in BHF dip). Positive photoresist AZ 1350 was used as a masking material
during this etch. Figure 3.8 shows the SEM photograph of the etched seed hole cross-
section. Here the oxide side walls are admost vertical and the masking photoresist remained
intact.

Figure 3.8. SEM photograph showing the cross-section of the RIE (Fr 116) etched seed
holes.




The SEG/ELO used for these tests was grown for 20 min at 920' C, 150 Torr with
1.76 slpm HCI and 0.44 slpm DCS, resulting in 1.4 pm of growth. Figure 3.9 shows an
SEM photograph of the top view of the ELO island grown from the RIE etched seed
windows. The ELO spread was about 0.2p.m over the oxide surface. The wafer was put
into a wet oxidation tube for an hour at 1000° C. After this oxide wasremoved in a BHF
dip, the wafer was thoroughly cleaned in piranha. Then the wafer was put into anisotropic
KOH etchant for a shot time (40sec). The cross section under SEM analysis shows the
starting of the V-groove formation inside theoxide step [Figure 3.10(a)]. But alonger etch
(3min. long) has propagated the V-groovesto the bottom of the oxide sidewall without any
undercutting [Figure 3.10(b)]. With further narrowing the seed hole width and using
PEOX treatment on seed holes with vertical side walls will eventually keep the VV-grooves
inside the oxide side walls.

ZTEY WO Lein

Figure 39. SEM photograph showing the top view of the ELO island grown from the RIE
etched ss=d holes.
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Figure 3.10. SEM photogr aphs showing the cross-section of the V-grooves formed in the
sead holes (etched by Freon 116) during KOH etching. (a) Cross-section after
40 second of etching. (b) After 3 minutesof etching.
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3.2. Design of Chemical Etching System

The necessity to design achemical etching systemfor the KOHetchant was due to
two points: (1) the controllability of the operating temperature, and (2) the presenceof the
alcohol (n-propanol) additive. First, sinceit has been known that the etch rate of the KOH
etchant increases as the temperatureincreases, a stable temperatureduring KOH etching
ensures asmall fluctuationin theetch rate. Therefore, a temperature controller, monitoring
the etching system, was required to maintain a steady temperature. Secondly, thefact that
n-propanoal is contained in the KOH sol ution means that al cohol vaporization will occur at
80°C after some time. Although n-propanol (boiling point of ~97.32C) will not totally
evaporate at 80°C, a controlled environment hel ps to sustain the content of the alcohol in
the etchant. Thus, a semi-enclosed system prevents the n-propanol from escaping too
quickly. Note that this also promotes a safety feature during etching because excessive
alcohol vapor can be a potential danger. Next, the arrangement of the etching system will
be described as well as its optimization for temperature control. Incidentaly, the same
system may also be used for EDP etching solutions; this will become apparent as the
systemis being described.

3.2.1. Beaker-Within-Beaker Arrangement

A bath type system is a very typical heating arrangement and has been used for
many years. At thecommercial level, a bath system with a temperature controller is priced
nominally between $390 (lower model) to $3500 (top model). To prevent adding cost to
the experiment, an attempt was made to use the existing hot plate (Thermolyne Type 1000)
and temperature controller as part of the etching system. The only other module missing
from theetching systemis acontainer that holds theetchant. Although asimple beaker may
be used as the container, an insulation surrounding the etchant is desirable in order to
maintain a steady temperature. Becausetheexperiment will be performed under a ventilated
hood, which hasa varied air flow velocity, theinsulation will keep theetchant from cooling
at variousrates. A proposed schematicof the etchant container was created and illustrated
in Figure 3.11.
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Figure 3.11. KOH etching system using beaker-within-beaker arrangement and Omega
temperaturecontroller.

There are afew characteristics in Figure 3.11 to note. First, a thennocouple is
placed in the water bath instead of in the KOH solution because the water bath acts as a
buffer between KOH etchant and the cool air as well asa constant heating source. To keep
asteady temperature, the temperaturecontroller adjusts thecycling of the hot plate and the
magnetic stirrer according to the measured water-bath temperature. To let the heat flow
throughout and around inner beaker, the inner beaker must be dlightly raised; this also
allocates a space under the inner beaker for stirring bath water. Hence, the feature
promotes constant heating along the side and bottom of theinner beaker. Therefore, when
the system is at equilibrium, theetchant will be heated close to the temperatureof the bath
water. To be certain that the etchant was reaching to close the water bath temperature, a
mercury thermometer is placed inside the etchant through an openingin the lid. Second, a




vent is built into thelid to sustain pressure equilibrium. Lastly, the KOHetchant is agitated
by the hydrogen released while siliconis being etched.

As mentioned before, the same system can be modified for the EDP etchant. There
aretwo crucial properties of the EDPetchant that must be considered in the etching system.
First, stirring the ED P etchant does affect theetch rate, and second, EDP etchant (thus, the
etch rate) is affected by the exposure to oxygen or air during etching. Therefore, to
incorporate both features into the etching system, nitrogen gas can be piped into theetching
solution through the mercury thermometer opening. By blowing nitrogen into the etchant,
the EDP solution is agitated while alarge portion of ar in theinner beaker is pushed out
through the small vent. Note that the system is by no meansar tight; however, the amount
of air introduced to the etchant is minimized by blowing nitrogen into the semi-enclosed
etching container. If a mercury thermometer is desired to monitor the etchant temperature, a
third hole can be built into thelid for that purpose. Y et, asalluded to above, the temperature
in the inner beaker should reach that of the water bath at equilibrium. The characteristic
profile of temperature versus time needed to investigated for theetching system. Next, the
optimization of the Omega temperaturecontrolleris presented.

3.2.2, Optimization of Omega Temperature Controller

The temperature controller primarily has a 2-wire thermocouple input and two
outputs (SP1 and SP2). The two outputs are different in that SP1 is a solid state driver
(SSD, 5V DC pulsed output) for an external DC controlled solid staterelay (SSR240DC10)
and SP2is a 3A mechanical relay. Sincethereisonly oneinput to the hot plate, through the
power cord, only SP1 was enabled. If another system such as a cooling module is also
used, then it may be controlled by SP2 mechanical output. The hot plate is a Thermolyne
Type 100, which has a built-in magnetic stirring controller. The magnetic stirring cycleis
enabled only when the heating cycle ison; it isdisabled during the off cycle or when the
stirring rate is manually turned off. Because the hot plate has its own heating controller,
the heating power was set to the highest value (700W) in order to prevent conflicts between
the heating controller of the hot plate and the temperature controller. Thus, the hot plate was
always on relative to its controller and was disabled only by the temperature controller.
With a brief description of the specificationsof the temperature controller and the hot plate,
the characteristic of the warm up and steady state profileswill bereviewed.




The tuning of the KOH etching system is basically atrial and error process. The
temperature controller primarily hasfive parameters that can be varied for each output (SP1
or SP2). Thereare threeelementary approaches to adjusting the system. First, the factory
setting can be used to recal culate a new temperature controller setting. Second, if the new
setting fails to give the desired temperature range, another setting can be obtained by using
the built-in autotune during warm-up. Third, if the system still fails to give the desired
result, another new setting isobtained by autotuning around the setpoint (or push-to-tune).
If none of the three gives the appropriate process control, the best temperature profileis
selected among the three approaches and, then, fine adjustmentsare madeto any of thefive
basic parameters, accordingly.

Since a large portion of the KOH solution was water, initial experiments were
carried out using water only. Thereafter, KOH solution was used to verify that the etching
system was controlled within the requested temperaturerange. It wasfound that autotuning
during warm up could not be done for this particular system due to the long proportional
cycletimerequired (> 82 sec, max. limit). Instead, the system was autotuned by push-to-
tune such that a semi-desirable temperature control was obtained. Y et, overshoot at initial
warm up caused the system to stabilize at a slow rate; therefore, a derivative approach
control, which enabled proportiona cycling during part of the warm up, was done. Thus,
the system optimizes at a warm up timeof 50 min. to 1 hour. It isable to sustain the etchant
temperature at 80 + 1°C even though the bath water varies by as much as + 3°C. This
shows that the bath water does indeed buffers and heat the etchant to a constant
temperature. However, itis cautioned that because the system is situated under a vented
hood, the system can vary nare than desired if the air flow in the hood changes frequently.
Lastly, the systemistuned for acertain amount of KOH etchant and, therefore, bath water.
A system lag is detected if more water is used in the bath, i.e. = 850 ml of bath water.
With the system optimized, the K OH characteristics may be evaluated as explained in the
next section.

3.3. KOH Etching Characteristics

There are two types of anisotropic etching depending on the pattern: concave
etching and convex etching. Generally, in concave etching, the measuring parameters to
consider arevertical and lateral etch rates. In anisotropic etching, it iscommonly desirable
to have alarge vertical etch rate for substrate wafer etching and to have small lateral etch
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rate in order to reduce mask compensation of lateral undercuts. In convex etching, comner
undercuts are usually observed for KOH etchant. Because a rectangular mesais usually
preferred, many designs have been attempted to suppress the corner undercuts by means of
adding a compensation mask at each convex comer. The corner compensation mask
basically buffers the convex comers from undercuts during the etching of the n@sa The
essential result after etching the mesa with a comer compensation mask is a more
rectangularly shaped proof mass. The convex cornerscan be analyzed by using atwo-level
Taguchi (or factorial) experimentfur two factors. Then, theresultsare used to better predict
the corner compensation mask size such that thecorner protrusionis minimized. Note that
two indirect objectives are stated by the experiment: (1) minimizing the comer
compensation mask means tightly controlled, therefore, repeatable process and (2)
minimizing comer protrusion means better estimates of the mass proof weight for the
accelerometer. In the next few sections, some general properties of the KOH etchant for
(100) wafer with rectangular patterns will be reviewed, and then the experimental results
concerning parameter variationare presented.

3.3.1. General Properties

Before continuing into discussing the experimental results, there are a few
properties, previously observed in last year's work as well asin related articles, that should
be kept in mind during processing. These properties may begr ouped as possible sources of
error that varies processing results by a certain standard deviation. So, t0 minimize the
error, precaution must be taken before and during KOH etching. Two distinctive features
that have been frequently observed come into mind: (1) cleanliness of the wafer surface
before KOH etching and (2) orientation dependence of mask alignment as well as that of
theinitial wafer.

In the first case, the wafer must be ultraclean because any particle situated on the
wafer acts as an ""apparent” masking pattern. Therefore, the KOH solution will etch
anisotropically around that speck of particle(s). Whether or not the particulateisremoved
fromitsinitial site during etching is not important because a depression has aready been
made in the beginning and will continue to exist. Thus, a black pyramid will form on the
surface after the etchingis completed. So, it isimportant that both the wafer and theetching

apparatus are thoroughly cleaned. The cleaning technique for a wafer is the standard
piranhaclean (1H,80,4:2H,0,) for 10 to 15 min. and then 10 min. DI (deionized) water




rinse. Next, aquick (max. of 20 sec) BHF dip followed by at least 10 min. rinsed under
running DI water isdone. Note that to do the BHF dip the protective mask cannot be oxide,
and indeed, the mask used is plasma enhanced vapor deposited nitride (PECVD). For the
apparatus, the clean isa 20-minute soak in agua regiasolution (3HCI:1HNO;) followed by
arinsein running DI water for at least 10 min. In addition to the cleanlinessof the wafer
surface, the orientation of the mask alignment as well astheinitial wafer isalsocrucial to
obtai ning consi stent performance.

For the second case, since KOH etching is orientation dependent, any mask
misalignment can give unwanted results. On a large scale, mask misalignment can be
depicted when a rectangular mask is aligned either to <110> or <100> direction. In the
former case, the sidewalls are smooth while, in the latter case, they are striated. In this
annual summary, the analysis will be limited to <110> mask alignment. When
misalignmentoccurson asmaller scae, it is not readily observed since the etchant basicaly
creates a larger concave trench and a smaller mesa convexly. In other words, the etchant
looksfor <111> limiting planes which circumscribe the concave pattern, and the mesa that
is surrounded by a concave pattern has effectively a smaller dimension than the initial
pattern. Since the final mesa is effectively smaller from the misalignment, the convex
comer facets will aso change its dimensions though not necessarily its plane of facet,
(212). Note that the same misaignment impliesthat the lateral etch rate* appears” to have
increased. If it isdesired to reach a certain underside pattern after some time of etching, the
"apparent™ lateral etch rate will increase undercutting the underside pattern. This is
especialy true for long etch time such as substrate wafer etching. Without an accurate
equipment to orientate the mask relative to the wafer, the wafer flat is used as a visual
reference. However, orientating relative to the wafer flat implies that the wafer flat is
orientated properly in thefirst place. Therefore, alignment technique along with theinitia
wafer misalignment addserror to etching performances. In short, care must be taken before
KOH etchingespecialy in cleaning and pattern alignment. Next, the parameter variation of
the experimentsis discussed.

3.3.2, Effect of Parameter Variation
To determine the dimensions of the corner compensation mask for the

accelerometer, an experimental etch was necessary to estimate the comer undercut etch
rates. However, additional experimentswere performed to characterize the behavior of the




K OH solution. T o ensure that the temperature variation in the etchant had small effect on
theetch rate, a temperaturecontroller with a bath setup was used (refer to Section 3.2). The
following experiments using KOH solution were performed: (1) rough estimate of etch
rates and undercutswith a naxi numtemperature variation of £5°C, (2) effectsd etchrates
and comer undercuts by varying KOH and n-propanol contents and with low temperature
variation, £1°C, and (3) aging effect of the solution during about 6 hour etch. Theeffect of
using a tuned process on the mass proof of the accelerometer with a compensation comer
mask, estimated from the first experiment, will be described in Section 4.2. Note that the
first experiment used p-type (100) wafer while all other experiments used n-type (100)
wafersin a water/KOH/n-propanol solution set for 80°C.

3.3.2.1. Experiment 1. Etching Under +£5°C Variation

In thefirst experiment, the solution contents (in weight percent) were 63.25% H20,
13.34% n-propanol, and 23.41% KOH. The experiment was performed without an optimal
tuning of the temperature controller; therefore, a maximum temperature variation in the
solution was found between £5°C for an hour etch. A 2” p-type (100) wafer with LPCYD
nitride mask was used. The mask &sign is shown on Figure 3.12, which includes both
concave and convex features as well as <110> and <100> alignment patterns. The mask
shown is primarily used to determine KOH etching characteristics. Y et, for this particular
experiment, only the <110> alignment pattern was interested. Tencor alpha-step surface
profilometer was used to measure the vertically etched depth, and an SEM (scanning
electron microscope) was used to measureeight different characterizing parameters around
the convex corner, covering an area of eight dies per wafer. The different SEM
measurements are illustrated in Figure 3.13. Besides quantitative observations, some
qualitative observations, such as surface morphology, were also made by using the SEM.
The measured parameters are basically converted to terms, such asetchrate, etc., that can
better describe the etching characteristicsand, therefore, determinethe comer compensation
mask. Next, a brief explanation will be given to the measured parameters and then the
resultsof the experiment will be revealed.
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Figure 3.13. Top view of aconvex comer with SEM-measuring parameters.




Starting with the easiest parameter, the vertical depth of the etch (measured by the
apha-step profilorneter) can bedivided by the etch time to obtain the etch rate. From Figure
3.13, the SEM measurementsare either top (surface) projectionsof theinclined surfacesor
tracesof theinclined planeson the (100) surface. Since many times the desired etch depth
isknown, it seems appropriatethat the depth should be included when designing the corner
compensationmask. Therefore, d and tcare divided by the vertical height to obtainrelative
undercut (or relative comer undercut) and relative tip undercut, respectively. It will be
explained in Section 4.2 how these values are used to cal cul ate the corner compensation
mask. Parameters dc and tx axe alternative parametersto d and tc, respectively, because
they can be converted through geometric relations. Note that dc and tc are at an angle
relative to the sides of the mesa; therefore, they are perhaps more difficult to align for
measurement. To verify the sidewall plane and the comer faceting plane, ds and Wf are
measured to determine (by the right triangle law) the angles of intersection between the
inclined planes and the (100) plane. C parameter can also be used to determine the angle
between (100) plane and the intersecting line of the corner facets (the corner tip). tp is
measured out of interest. For thisexperiment, these parameters were measured and used to
approximate an initial corner compensation mask.

Averaging eight dies, the vertical height, tc, &, ds, Wf, C, and tp had less than or
equal to 5%deviation from their mean values. However, d and d¢ had approximately 6%
deviation. Although one may reason that if d and dc are smaller in values, then the
measurement error should be greater. Y et, that is not the case sincetc, tx, and tp aein the
10-20um range while d and dc are in the 50-70um ranges. Therefore, it is inconclusive
from the experiment as to why d and dc have alarger variation within a wafer. Speculation
of the causeincludes small misalignment of the mask relative to <110> and low resolution
of the mask definition. Using the mean value only, the estimated etch rate, the relative
comer undercut, and the relativetip undercut werefound to be 0.92 pm/min, 1.25 pm/jum,
and 0.36pm/pum, respectively. To verify the sidewall plane and the comer faceting plane,
the angles of intersection were 56.80 and 49.30, which corresponded to the expected value
of 54.740 for (100) to (111), and 48.190 for (100) to (212), respectively. Without going
into detail, the comer compensation mask had an overall squaredimension of ST=280um,
and it overlaps the corner of the mass proof by a squaredimension of da=175um (refer to
Section 4.2 and Figure 4.2.1 for corner compensation mask). The comer compensation
mask was developed using an untuned etching system becauseinitial observation of the
accelerometer was necessary. In short, percent variation (from the mean) within awafer is




less than @ equal to 5% for most SEM measured parameters and the etched depth, and
parameters specifically rel ated to the convex comer (d and dc) have agreater variation.

3.3.2.2. Experiment 2: Etching Under *1°C Variation Using Two-Level
Taguchi Design

The second experiment was a two-level Taguchi (factorial) setup where KOH and
n-propanol were the varied factors. The high and low levels (in weight percent) of each
element were 33% and 23.4% for KOH, respectively, while for n-propanol 15% and
13.3%, respectively. The etching system were controlled to 80£1°C. Four 2" n-type (100)
wafers with PECVD nitride mask were used, one for each run. Again, the same mask,
Figure 3.12, was used. Note that four runs were performed with an etch time of two
hours. The same parameters in experiment 1 (Section 3.3.2.1) were measured in this
experiment, except twelvedies were measured per wafer (or run).

Like thefirst experiment and refemng to Figure 3.13, only d and dc parametershad
greater than 5% deviation per wafer for al runs. All other parameters, excluding tc and tp,
remained |less than 5% except for tx. It may be hypothesized that tx, d, and dc could have
an increased percent deviation per wafer due to the type of mask used. This can be
supported by thefact that no measurement was made on tc andtp because the nitride mask
comer (overhanging the comer undercut) could not be clearly defined and, therefore,
referenced during measurement. Furthermore, it was difficult to pinpoint the beginning of
thefaceting planefrom the (111) sdewall ford and dc measurements. Using the averageof
each parameter, descriptive values were determined and listed on Table 3.1. Note that the
valuesfor experiment 1 are listed as well.

From Table 3.1, the averaged results in each run show that at a low level of n-
propanol, variationof the KOH haslittleeffect on thevertica etch rate, -0.98 pmy/min. At a
high concentration of KOH, variation in n-propanol has small effect on relative comer
undercut. Therefore, the dimension of the comer compensation mask decreases when KOH
isincreased close to 30% in the presence of n-propanol. However, at low concentration of
KOH, increasing n-propanol a so decreases mask size but the vertical etch rate is decreased
as well. In the same table, note that the anglesof intersectionfor both the (111) sidewall
and (212) facet, relative to (100) plane, are very close to the expected values. No specific
comparison can be madefor relative undercut or for relativetip undercut. T o better analyze




the sourcesof variation, an ANOVA (analysisof variation) calculationis performed on the
collected data using the SA'S (Statistical Analytical System) software.

Table 3.1: Values determined from averages of measured parameters.

KOH [N-Prop.| Yert. ER | Cross S&c.: a | Cross 3ec.. D Rlv RIV.T1p
(100):(111)| (140):(212)| Undrcut | Undreut
{um/min) degree degree  [Cum/zumdCum/um)
Expertment 1: Etching Under +7- 5¥C Yartation ! i
Uncontrolled
w®2z 23.41% (13.34% 0.92 56.8 49. 3 1.25 0.36
(p-type) 47m | 39mi
Experiment Z: Etching Under +/- 12C variation Using 2- Level Tegucht Technigue
RUN #1
W#*EXP1-n5(23.41%]13.34%| 0.97 54.4 475 0.70 0.26
{(n-type) 47gm | 39ml
RUN #2
w*JCCM 19 | 23.38%)|15.00%| 0.84 53.4 47.0 0.62 0.23
(n-type) 48.29m | 45ml
[ RUN*3
W*JCCM18 | 33.00% |13.35% 0.98 53.8 47.2 0.59 0.24
(n-type) | 78.1gm | 46 m
[ RIN*4
W*JCCM20 | 33.03%(14.929% 0.88 53.4 47.6 0.59 0.23
(n-type) | 80.6gm | S3ml
Expected
Yal ues ~1 54.74 48.1%
*¥Note: Water contentto tach runis exactly 1277/ml.
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Using ANOVA, all measured parameters, shown on Figure 3.13, were evaluated
separately. The main effectsare KOH and n-propanol. The sources under consideration are
the main effects and the interaction of the main effects. Of the measured parameters, only
the vertical depth, (111) sidewall top projection (ds), comer facet top projection (Wf), and
line of intersection at the comer (C) can be modelled to accountable sources by ANOVA.
The other parameters (d, dc, and tx) are not properly modelled by ANOVA because the
error variation accountsfor more than 10% of the total variation. Recdll that tp and tc could
not be measured in the second experiment. For the four parametersmodelled, the ANOVA
results show that the vertical depth (thus, the etch rate) can be significantly affected by
KOH, n-propanol, and/or the interaction of the two with a confidencelevel greater than
95%. In other words, the variance (variation divided by the degreesof freedom) duetoa
source compared to the individual error varianceis large enough to be significant at a95%
confidencelevel using the F test. However, the percent contribution of each sourceto the
total variation is the greatest for n-propanol, 2 94%. Therefore, if the vertica etch rate
needs to be adjusted for any reason, the first variable to adjust is the acohol content. The
(111) sidewall top projection (ds) is at least 95% significantly affected by KOH and n-
propanol, but not by theinteraction of the two constituents. Again, the percent conmbution
of variation is the greatest for n-propanol. For both Wf and C, the same conclusion is made
as that for parameter ds. Therefore, it seems changesin the acohol content can cause a
mean shift to vertical etched depth, ds, Wf, and C parameters, especidly to the etch rate.

When the overall variation (al collected dataof the same type) due to the error
source accountsfor more than 10% of the total variation, asin the casesfor d, dc and tx,
the experiment basically has not considered al possible sources that make up the total
variation. That is, besides KOH, n-propanol, and the interaction of the two components,
there must be other sourcesthat are causing theerror variation to be large. Y et, even witha
large error, the ANOVA (more specifically the F test) performed on d, dc, and tx shows
that the three parameterscan to be significantly affected by the n-propanol. This does not
indicatethat n-propanol has the most percentageof contribution to the total variationand is,
therefore, thefirst factor to be adjusted when a mean shift occurs. Instead, it Smply implies
that one can expect some mean variation (relative to the large error variance) in the
parametersd, dc, and x when the acohol content is varied at the two levels. In conclusion,
ANOVA results support the observations made from Table. 3.1. They demonstrate that n-
propanol can significantly affect all parameters. However, n-propanol is not a major
contributor to the total variation when looking at parametersrelated to the comer undercut,
i.e. d, dc, and tx, while it isalarge variation contributor for etched depth (thus, etch rate),




ds, Wf, and C. Notethat d (or dc) and tx are related to relative undercut and relativetip
undercut, respectively. Asit will be explainedin Section 4.2, d, de, and tx can still be used
to determine the comer compensation mask despite their large error variation. Next, the
aging effect of the KOH etchant isdescribed.

3.3.2.3. Experiment 3: Effect of Aging Etchant Under £1°C Variation

From experiment 2, it was found that n-propanol can affect the etch rate (low n-
propanol increases etch rate). Since no supporting evidence can justify in changing the
content of KOH for the purposeof reducing relative undercut and/or relative tip undercut,
the content used in experiment 2, run #1 was used in the third experiment. Note that the
same ingredient was also used in experiment 1. In the third experiment, the first set of
accelerometer mask (based on experiment 1 results) was used to look at the aging effect of
the KOH solution, 63.25% H20, 13.34% n-propanol, and 23.41% KOH. Four pieces
divided from a3" n-type (100) wafer with PECVDnitride mask were used; after 2.3 hrs of
initial etching of thefirst piece, one piece (of the three remaining pieces) was added to the
solution at every 1.5 hour. For the 6-hour etched piece, the vertical etch rate was 0.98
um/min. Thisis consistent with that obtained in the second experiment, run #1, which is
st for only a 2-hour etch. In addition, lateral undercut was observableafter a 6-hour etch;
however, it was not measurable because the overhanging mask layer has broken off. For
pieces etched after 2.3 hr., 38 hr., and 5.3 hr. age of the solution, the vertical etch rates
werefoundto be similar, -0.85 um/min. Refer to Table 3.2 for list of results.

From the resultsof thisexperiment, it can be concluded that if the solution has been
used to etch other waferscontinuoudly for an effective time of approximately 2 hours, the
strength of the etch rate deteriorates by at |east 13%. However, less than 4% of etch rate
reduction was found among the wafers added after the initial 2.3 hour of etching.
Therefore, it seemsthat the etch rateis most dominated by theinitial etch strength of afresh
solution than that of a used solution. Thisisespecially supported by thefact that the 6-hour
etched piecein the third experiment has a comparableetch rate to the 2-hour etched piece
(run #1) in experiment 2. The same fact indirectly implies that the etching system has a
tuned process since similar etch rates can be observed in two different experiments. The
reason for the etch rate reduction after 2 hour usage of the solution isinconclusive because
the experiment does not target for sourcesdf variation but targetsfor the overall effect after
the etchant is used. Thus, it is concluded that the initial strength of a fresh etchant
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dominates the effectiveoverdl etch ratefor either 2 or 6 hour etch and that the weskness of
aused etchant is not seen unless anew wafer is added theresfter.

Table 3.2. Aging KOH Etchant Vertical Etch Rates
== determined from average of data.

KOH |N-Prop.| H20 Vert. ER

(pm/min

Experiment 3. Aqing Etchant Under +/-1°C Varlatlon

fresh solution
(6hr tot. etch) | 23.41% | 13.34% | 63.25% 0.98
(n-type) 47gm 39ml 127ml

after 2.3 hr
(2hr tot. etch) " " " 0.85

(n-type)

after 3.8 hr
(2hr tot. etch) " " " 0.83

(n-type)

after 5.3 hr
(2hr tot. etch) * " " 0.86

(n-type)

Experiment 2: FEtching Under +/-1°C Varlatlon Using 2-Level Taguchi Technique

RUN #1
W#EXP1-n5 | 23.41% | 13.34% | 63.25% 0.97
(2hr tot. etch)| 47gm 39mi 127mi

(n-type)




3.3.2.4. Summary of Parameter Variation

In summary, an etching system with a steady temperature fluctuation regardless of
its range gives very little etch rate variation within a wafer, as demonstrated between
experiments one and two. However, from the same experiments, it is possible that the
difference in the mean etch rates is due to the range of temperature variation even though
the wafers are lowly doped by two different impurities. Therefore, by excluding the
temperature variation factor through tight control of the etchant temperature, a second
experiment designed by a two-level Taguchi (or factorial) techniqueisanalyzed by ANOVA
using a SAS program. The ANOVA results show that given the level of variation of KOH
and n-propanol, the etch rateis mostly varied by the n-propanol contribution even though
both factors and their interaction do cause significant variation (as compared to the
individual error variation) at the 95% confidence level. However, the relative corner
undercut and relativetip undercut was not properly modelled using the ANOVA technique
because the error variation was too large. Thisindicates that not all sources that affect the
corner parameters (d, dc, tx) have been considered besides the KOH and n-propanol
factors. Moreover, since large percent variation (standard deviation divided by the mean)
have been observed for the corner parametersin the first experiment as well, thefact that
other sources exist isfurther supported. The second experiment has also demonstrated that
thereis not a need to change the weight percent content of either KOH or n-propanol
because the variation of thecomer parameters ar e due to other undetected sources and no
advantagesare gained if either content areincreased. Note that the solution content used in
experiment one gives both high vertical etch rate and lower relative corner undercutsin
experiment two run #1 with a tuned etching system. Looking at the aging effect of the
KOH solution in the third experiment, it isfound that the change of etch rate (or the etchant
strength) is not observable or significant when afresh solution isinitially used to etch the
wafer. Thisisverified by acomparable mean etch rate obtained in both the two-hour etchin
experiment 2 (run #1) and the 6-hour etch in experiment 3. However, if a new wafer is
etched in a used ( 2 2.3 used-hours) etchant, the reduction of the vertical etch rate indicates
that the solution strength has weakened. In addition, lateral undercut can be observed when
the etch time increases. Specific lateral etch rate was not measurable in experiment 3
because the overhanging nitride had broken off. Finally, the results of all experiments are
used to determine the comer compensation mask; the discussion iScarried in thefollowing
section.
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3.4. Corner Compensation Design and Back Etch

In this section, the etch back of the proof mass, including the the design of the
convex comer compensation mask, is covered. First, a brief description on calculating the
comer compensation mask is described. Then, a list of different mask dimensions is
presented for two o the threeexperimentsdiscussedin section 3.3. Criticsare delivered on
thesecalculated results as well as the experimenta outcomeof the first comer compensated
accelerometermask used in an actual accel erometer fabrication.

overhanging
nitride mask

<110> allgnment

(111)
sidewall

Note: d is related to relative undercut ratio;

tx is related to relative tip undercut ratio.

Figure 3.14. Top view of aconvex comer with parameters used to design corner
compensation mask
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<212> trace

<110> alignment

original convex

corner of proof mass square compehsating

mask

Figure 3.15. Top view a square comer compensation mask using <212> traces.

T o calculate the comer compensation mask, relative comer undercut (d divided by
the etched depth in Figure 3.14) is used to determine the length, dr, in Figure 3.15. dr
defines a point along the sides of the 90° comer to begin drawing <212> traces. Then, the
relative tip undercut (tc divided by the etched depth in Figure 3.14; tc is derived from tx
geometrically) determines the diagonal length, Sd, of the square compensating mask
starting from the mesa.comer (Figure 3.15). Thus, the dimension (Sy) of the square mask
bounded by the <212> traces and the overlapping dimension (d,) can be found through

geometry.

Recall that two experiments were performed to observe and determine
characteristics of convex comersin the KOH etchant (Section 3.3). Using the described
mask calculation above, each run in both experiments had an estimated comer
compensation mask, listed in Table 3.3. Because an initial comer compensation mask for
the accelerometer was needed before the completion of the second (more temperature
controlled) experiment, a comer compensation mask based on the first experiment was
made. This particular comer compensation mask will be called Ccmask #EXP1. Ccmask
#EXP1 was tested out in an actual fabrication of an accel erometer.




Table 3.3. Corner compensation dimensions based on averaged data

KdH [N-Prop.| Yert. ER RIv Rlv.Tig ||Hask Dimensions

Undrcut Undreud da 37 Area

Experiment 1: Etching Under -v/-':-'n'CVerieﬁon:

(um/min) | (um/um) | (am/um) || (um) [(um) [ (um"2)

Uncontralled
w*2 23.41R|[13.34% 0.92 .28 0.36 175.2|1272.2|43397.8

(p-type) 47ym | 39ml

Exparimant 2: Etehing Undrr t /-18C Variation Using 2- Level Taguehi Technique

RUN *1

W#*EXP1-n5 [23.41K|13.34%( 0.97 0.70 0.26 465 |116.5(11410.0
(n-type) 47ym | 39ml
RUN #2

wW#*JCCM19 |23.38%| 15.0D%| 0.84 0.62 0.23 403 [102.3| 8841.2
(n-type) 48.2gm| 45ml
RUN #3

W#*JCCM18 |33.00%]| 13.35%| 0.98 0.59 0.24 [f208 |855|68776
(n_type) 78.1gm| 46 ml "
RUN *4

wW#*JCCM20 [33.03R|14.92%| 0.88 0.59 0.23 288 | 908 | 7415.2

(n-type) |[80.6gm| 53ml

¥¥Npte: Water contentinesch runis 127ml.

Therefore, an actua accel erometer with Ccmask EXP#1 was etched for 6 hours (at
80x1°C) to test Ccmask #EXP1 in a solution with 63.25% H,0, 13.34% n-propanol, and
23.41% KOH. Although the compensation mask was large enough to protect the corner
from undercutting, it was found that the mask dimensions determined from the first
experiment are larger than necessary as shown in the SEM photo, Figure 3.16. Notice that
the left over rounded cornersare a least 100um in diameter.

70




-
ool
NN

®)

Figure 3.16. (a) Back view of a 6-hour etched proof mass using Ccmask #EXP1 at
80x1°C; (b) An enlarged view of one comer in (&) proof mass.




Refemng to Table 3.3, thedifference between the S value based on experiment 1
and that based on experiment 2 is on the same order. Therefore, since thisexperiment was
performed under similar conditionsas experiment 2 (run#1), except for thetotal etch time,
the outcome shows that a reduced comer compensation mask can be used instead. Thus, a
reduced comer compensation mask, based on experiment 2 (run#1), has been made; this
mask will be called Ccmask #EXP2-1. Recall that lateral undercutting was found in
experiment 3 in section 3.3 but not measured. Similar lateral undercuts were observed
along the sidesof the proof mass when Ccmask #EXP1 was tested. For a 6-hour etch of
Ccmask #EXP1, thelateral etch rateis—0.08 pm/min. Thus, the alignment of the front side
to the backsideof the accelerometer must account for the lateral undercut of the etch from
the backside. In short, Ccmask #EXP2-1, which is a reduced version of the first comer
compensation mask, has been made and is currently being tested out in the next
accel erometer fabrication.




V. Purdue MELO Accelerometer (AP-1)

4.1. Design of MELO Accelerometer (AP-1)

The Purdue MELO Accelerometer (AP-1) fabrication process, including other
electronic devices, consists of 9 masking steps aslisted in Table 4.1. Each masking step
and its design are described in this section. The design and layout of the Purdue MELO
Accelerometer (AP-1) was accomplishedwith help of the Delco Electronicsengineers.

Table 4.1. Ap-1 mask levels

Mask #1- Alignment Marks after MELO step

Mask #2 - Seed Window Patternsfor MELO Silicon
Mask #3 - Piezoresistor Pattern

Mask #4 - Base (in BJ T device) Pattern

Mask #5 - Emitter (in BIT device) Pattern

Mask #6 - Metal Contact Pattern®

Mask #7 - Metd Pattem

Mask #8 - Front Delinestion for Bridgesand Proof Mass
Mask #9 - Back Etch Pattern

The size of Purdue MELO Accelerometer (AP-1) is3000 um x 4000 pm including
metal bonding pads. Its physical dimensionsare similar to that of the SASD accelerometer
fabricated by Delco Electronics. Also, the bridge dimensions (width, thickness, and
length), proof mass size, and piezoresistors characteristics (junction depth, size, and sheet
resistance) were designed to be of similar values. Such a design makes a comparative
analysiswith SASD accelerometer possible. The accel erometer was situated within a 7000
pum x 7000 um (272 x 272 mil2) die. Thereason for sizing the die larger than the size of
AP-listoalow the AP-1 to be mounted on the ASD accelerometer back-plate. AP-1 then
can be tested by the same testing equipment used on the ASD accelerometer at Delco
Electronics. The additional spaceon the AP-1die alowsthefabricationof other electronic
devices such asresistors, diodes, BJIT devices, capacitors, and gate-controlled diodes for
evaluating the MELO silicon materia quality as well as process procedures. The total layout
of the AP-1 dieisillustratedin Figure4.1.
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electronic devices, in addition to the acceler ometer, for evaluating the MELO
material and process procedures.




The MELO silicon for the bridge formation was formed surrounding the proof mass
so that it allows more tolerance for masking steps and provides more mechanical strength
until the bridges are defined by front delineation. The width of the silicon dioxide strips
was determined as 5 um and the space between them as 2 pm in order to work comfortably
in the Purdue University Solid State Laboratory. Seed windows are aligned to the <100>
direction for the best quality MELO silicon. The p-type piezoresistors are aligned to the
<110> direction for their highest sensitivity; i.e. the most resistance change induced by the
stress applied. The beam dimension was determined to be 10 pm thick, 200 pm long, and
40 um wide, which issimilar to the Delco's SASD version accelerometer.

Piezoresistors were designed to have a sheet resistance of 212 ©/° and a junction
depth of 1 um. The genera ruleisto make the junction depth of the piezoresistors less than
or equal to 10% of the silicon diaphragm thickness. Since the ion implant is done without
an oxide buffer layer, theion implant had to be done at the least possible energy available at
Purdue University Solid State Laboratory, 25 KeV, in order to achieve a shallow junction
depth. Theresistance value of one resistor was determined such that the stress sensitivity of
the piezoresistors isreasonably good while the temperature sensitivity islow. SUPREM 111
process simulator wasemployed to determine theion implant dose and drive-in timefor the
desired junction depth and sheet resistance at 25 KeV. The dose of the boron as 1 x
1015/cm2 and wet oxidation drive-in at 1000°C for 30min were selected. As shown in
Figure4.2, the peak carrier concentration and junction depth of a poezoresistor become 1 x
1019/cm3 and 1.0 pm after 30 min drive-in. Its corresponding sheet resistance is 212
Q/square and the resistance of each piezoresistor would be 3 kQ since 15 squares were
employed in one piezoresistor. The U-shape piezoresistors were selected for an easy metal
connection and higher sensitivity ascompared to the I-shape. The drive-in time wasdivided
into two parts so that BIT devicescan befabricated at the same time.

The thickness of the thermal oxide mask for the boron and arsenic ion implant was
also determined by SUPREM III process simulator. The value was chosen such that 95%
of theimplanted boron will be masked by the oxide. For the piezoresistors, the boron dose
is1x 1015/cm2 and 4000 A of thermal oxide is necessary. By the same token, for 1 to 3 x
1013/cm?2 of basedose and 1 to 3x 1015/cm2 of emitter dose, 1500A and 1000A of thermal
oxide are needed respectively. Thefirst 15 min. drive-in for the piezoresistors was done
with the basedrive-in after both boronimplant steps were completed and the next 15 min.
drive-in was done with the arsenic drive-in. Thecollector contact region was patterned and
implanted with the emitter with the same musk level (mask #5) so that an ohmic contact can




be made to the collector. The test devices were fabricated on SEG and MELO slicon and
were tested for silicon materia characterization. The number and location of the silicon
dioxide strips under the MELO silicon are varied such that their effect on the device
character can be andyzed.

Purdue SUPIIl simulation result :
SiO, thickness after drive-in : 0.2154 yum.
junction depth = 1.0125um.
sheet resistance = 212 Nsquare
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Figure 4.2. The SUPREM III output plot for determining the boron ion implant dose,
energy, and drive-in parameters. The resulting junction depth and sheet
resstanced apiezoresistor become 1.0um and 212 Q/square respectively.




After the emitter drive-in, the metal contact was defined (mask #6) and metal
deposition was performed. Al-1%Si was deposited using a Perkin-Elmer Sputtering
System at 100 Watts, 8 mTorr, for 30min, resultingin 25004 thick metal. The effect of the
metal deposition and the following processesfor the passivation layer will be discussed
later in thischapter in more detail. The metd is then patterned and annealed at 400°C for
20min. At this stage, the devicesare ready to be tested but the accel erometer needs further
processing steps.

The next step is the fabrication of a thin MELO silicon digphragm by KOH back-
etch. Thefront circuitsand metal pattern need to be protected during alengthy KOH etch.
Here, neither LPCVD nitride nor therma oxide can be used because their process
temperature is much higher than the Aluminum melting point. Therefore, either plasma
nitride or oxide was deposited on both sidesof the wafer as a protection on thefront side
and asamask on the back side. Passivationof the metal pattern turned out to be one of the
most critical steps in fabricating successful accelerometers. The problems associated with
metal passivation and their solutionsarediscussed in thefollowing section.

The back-sideetch windows were patterned (mask #9) for KOH etch using a thick
(—-6pm) A24620 photoresist as a mask. They can be patterned by reactive ion etch, BHF
wet etch, or combination of both. The front side was also protected by a thick (—6pm)
AZ4620 photoresist while patterning the back side. It is important to pattern the etch
windows without damaging other passivation areas since the damage on the passivation
layer would be attacked during along KOH etch, resulting in the etched metal and silicon.
It is alsoimportant to remove the nimde or oxide layer completely from the patterned area
for a uniform KOH etch over awaefer. If athin nitride/oxide layer is|eft in some patterns,
then it will cause a considerable non-uniform etch over a wafer. Also additional KOH
etching timeis requiredfor removing the layer. Thislonger etch time will enlarge theetch
window by having more lateral undercut and result in alow yidd.

Thefront side wafer delineation can be done either before KOH back etch or after.
With the first version of the AP-1 design, thefront delineation was to be done before KOH
etching because KOH etching was determined to be the very last step in order to avoid any
further lithography steps due to the weakness of the thin silicon digphragm. However, by
attaching the accelerometer wafer, after KOH etch, to another back plate wafer it became
possible to have an additional lithography step due to its enhanced mechanical strength.
Therefore, thefront delineation after KOH etch became possibleas well.




4.2. Metal Passivation in KOH etch

Front-side passivation of Al-Si, during 6-hour long back-side KOH etch, turned
out to be one of the critical steps in fabricating MELO accel erometer successfully. The
strength and durability of the passivating layer depend on the metal deposition, metal
pattern, surface cleaning, passivating material and its thickness, etching solution, and the
etching temperature. A seriesof experimentswere performed in order to improve the meta
(Al-Si) passivation and the etching results are described in this section.

(a) Al-Si Lift-off vs. Wet Etch

It has been known that the metal lift-off procedure can cause sharp spikes at the
metal edges when the lithography is not done carefully. Nevertheless, Al-Si lift-off
procedure has been preferred in some applicationsover wet etching for metal pattern
definition because of itssmplicity. In addition, Al-Si passivation was usualy not required
for research level devicefabrication since the deviceis fabricated and tested only for its
characterization, not packaged and then put into a system. Thedeviceson awafer or adie
can be tested on a probe station regardless of the possible existence of the spikes at the Al-
Si testing pad edges. Therefore, the importance of avoiding the spikes at the Al-S edges
and difficultiesof Al-Si meta passivationwere not redlized until acomplete accel erometer
was fabricated.

Metd lift-off is normaly performed by soaking the metal deposited wafer in acetone
until the underlying photoresist gets desolved and the top unwanted metad is lifted off
leaving a metal pattern. In order to speed up the process, the wafer is sometime placed in
the ultrasonic cleaner (USC). This USC treatment turned out to make the spikes even
worse becauseit bresks the Al-Si edges more abruptly than that of simple acetone soaking.
The USC process also can produce small particulates of the lifted Al-Si and these
particul atescan cause micrometer range bumps by sticking on the patterned Al-Si surfaceas
shown in aSEM photograph (Figure4.3). Figure 4.4 (@) illustratesthe Al-Si meta surface
roughness at the edge as well as on the metal layer caused by lift-off process even after
plasma nitride/oxide deposition. The measurement was performed by Tencor Alpha-step
surface profilometer after Al-Si sputter deposition at 8 mTorr (with the starting base
pressureof 3 x 10-7 Torr) on the patterned photoresist, lift-off, and plasma oxide/nitride
deposition. Unfortunately, these spikes caused by the Al-Si lift-off process continue to
maintain their sharpnesseven after a thick passivation layer deposition. Figure 4.4 (b)




illustratesa 1 um high spike on the Al-Si metal layer after passivation layer deposition.
Their height could be ashigh as several micrometers.
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Figure4.3. A SEM photograph of Al-Si particulatessittingon themetal layer after lift-off.
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Figure4.4.Al-S Metal spikescaused by a lift-off process. After Al-Si sputter deposition at

3x 10-7 Torr, lift-off, plasmaoxide deposition, and plasmanitride deposition.
(a) spikeson themetal layer aswell as at the edge. (b) 1 pm size spike.
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Even when the spikes are covered by the passivation layer, they are not covered
conformally and a break-through can occur from the side of the spikes faster than on the
passivated surface. In this case, during KOH etch, the weaker passivation layer was
damaged by the KOH etch solution and Al-Si became exposed. Once the Al-Si is exposed
to KOH etch solution through the the damaged passivation layer, Al-Si is then etched rather
fast by the KOH etch solution. Figure 4.5 illustrates couple of examplesadf the etched Al-S
metal pattern by KOH etch solution after deposition of plasma oxide and nitride as
passivation layers. Therefore, Al-Si wet etchin was employed insteed of lift-off.

SiNy + SiO2 on AI-SI

-
g .
v g

(b)

Figure4.5. Exampleof theetched Al-Si metd layer by 15 min KOH etch after passivation.
]ga) etcﬂ starting from acomer. (b) etch starting from an metal edge as well as
rom the top.




(b) Chamber Base Pressure Before Al-Si Deposition

The original quality of the sputter deposited Al-Si isimportant asit is related to the
degradation of the passivationlayer. Previoudy Al-Si was deposited by sputtering the Al-
Si sourcetarget at 8 mTorr with a base pressureof 3x1V 7 Torr and thedeposited Al-S was
good enough for electrical testingof the devices. Argon gas was used for making a plasma
However, Al-Si deposited at the above condition resulted in a rough surface and later
caused a degradation of the passivation layer. Whereas sputtering of the Al-S layer a
lower base pressures (< 2x10-7 Torr) yielded a better, very smooth and shinny surface
which made the subsequent passivationlayer hold much longer during KOH etch using the
same passivation layers. Therefore, the Al-Si deposition base pressure was set aslow as
possible and a pressure near 2x10-7 Torr was usually obtained. Table 4.2 shows an
improvementin yielding good accel erometer dies with alower base pressure of the Al-Si
deposition chamber.

Table4.2. Number of good MELO accelerometer dies after 5-hour KOH etch with different
Al-Si deposition pressureand different passivationlayers for comparison.

D out o

3x 10 -7 < 15o0utof 50 < 25 out of 50

Asillustratedin Table 4.2, the lower base pressurein the Al-Si deposition chamber
improved the accel erometer fabrication yied considerably. Even though the number (from
3x10-7 Torr to 2x10-7 Torr) doesn't seem to indicate a big differencein the pressure, the
lowering of the base pressure takes 8 to 10 hours of extra pumping time. This longer
pumping would remove the water and oxygen contents from the sputtering chamber, hence
the quality of the deposited Al-Si metal improved with this lower base pressure.
Degradationof the Al-Si layer deposited a near 3x1V 7 Torr became obviousafter the Al-Si
annedling at 400°C which is a moderately high temperature processe. In fact, thisannedling
process have participated in making the Al-Si meta surface rough and resulting in a
degradation of the passivation layer during KOH etch. However, a very recent surface
measurement of the Al-Si layer deposited at 2.2x10-7 Torr followed by annedling at 400°C
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for 20 min. revealed that the surface does not become very rough after the annealing step.
Therefore, the original Al-Si layer quality from the deposition seems to play the main role
to the surface roughness more than the following annealing step.

(c) Al-Si + Chrome Double Metal Layer

Al-Si deposited with the base pressure of 3x10-7 Torr, which was the typical base
pressure, seemed very difficult to passivate with plasma oxide or nitridein the early stages.
Chrome(Cr) was employed to examine if the passivation could beimproved since Chrome
has been known to give a smoother surface than Al-Si. Figure 4.6 shows the different
smoothness between Al-Si layer and Al-Si+Cr layer. Particularly, after plasma oxide
deposition the Al-Si surface clearly became rougher than the Chrome surface deposited
over the Al-Si layer as shown in Figure 4.6 (b). Since Cr has a smoother surface, it was
protected better with the same passivation layer than Al-Si in a KOH etch solution.
However, Al-Si was not replaced by Cr because of the following reasons. First, Cr is
known to make a poor ohmic contact with the silicon substrate and hence only used as a
gate metal for MOSFET devicesinstead of contact metal. Secondly, Cr isknown to have a
higher resistance than Al-Si with ametal path, which isthe case with MELO accel erometer
layout. At last, it was difficult to bond Al wireon the Cr bonding pad. Therefore, Cr could
not be used asa metal layer but asa protection layer on Al-Si during the KOH etch.

Next, Cr wasemployed for covering the Al-Si pattern. Al-Si and Cr were deposited
consecutively and patterned with a negative photoresist for awet etch process. Then Cr and
Al-Si wereetched in that order for patterning, resulting in the structure shown in Figure 4.7
(a@. Cr on the Al-Si layer can be easily removed by a wet Cr etch without damaging the
underneath Al-Si layer after the KOH back etchis finished. However, Cr deposited on the
Al-Si and patterned using the same mask did not have perfect coverage and any exposed
Al-Si, particularly at edges, was attacked by KOH etch. Figure 4.7 (b) isapicture the Al-S
layer covered by theidentically patterned Cr layer with the plasma nitride passivation layer
on it. Figure 4.7 (c) showsthe Al-Si layer being etched by KOH etch solution starting from
the edge.
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Figure4.6. Comparison of Al-Si and Al-Si + Chromemetal layer. (a) Before plasmaoxide
deposition. (b) After plasma oxide deposition.
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Silicon substrate
22272 Silicon dioxide
AluminumSilicon
—1Chrome

Passivation
(a)

(b)

Etched Al-Si from Edges
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Figure4.7. Al-Si plus Chrome double metal layer with identical dimension. (a) A cross
section diagram. (b) Al-Si and Chrome are deposited and patterned together.
(c) Al-Si exposed a the edge getsetched by KOH etch.




A dlight modification in the mask, by making the Cr patter dightly larger than Al-Si
pattern, will resolve the exposed Al-Si edge by covering the Al-Si edges better. With the
identical mask, Al-Si edge coverage was med by patterning Al-Si and overetching Al-Si to
make it narrower followed by depositing and patterning Chrome. Figure 4.8 (a) depicts the
cross section diagram of the resulting structure. This method somewhat improved the Al-Si
coverage but it wasdifficult to cover all the Al-Si edges without losing the original Al-Si
dimension considerably. Figure 4.8 (b) and (c) show the top view of this structure where
most of Al-Si was covered by Cr except one edge. After along KOH back etch, some of
the uncovered Al-Si edges were etched and it depends on the alignment error.

After a smooth and shinny Al-Si deposition was achieved by depositing Al-S with
alower base chamber pressure, around 2x10-7 Torr, Cr was not required any more. If Al-
Si is still not protected by a passivating layer, a Cr protecting layer can be added in the
process. In thiscase, Cr can bedeposited over the patterned Al-Si on the wholefront side
of awafer, without being patterned, and passivation layer can then be deposited. This will
not only protect the surface better but also provides more mechanical strength after the
KOH back-etch is completed.




Silicon substrate

Silicon dioxide
AluminumSilicon

—1Chrome
Passivation
(a)

(b)

Figure4.8. Al-Si plus Chrome double metal layer in which Al-S isdeposited and patterned
by overetching first then Chrome is deposited and patterned. (a) A cross
section diagram. (b),(c) A top view showing that most edges werecovered by
Cr layer except onedirection.




(d) PECVD vs. LPCVD

From the previous etching experiments without deposited Al-Si, silicon nitride
deposited by low pressurechemical vapor deposition (LPCVD) at 800°C served 8s the best
passivation layer with aminimum lateral undercut. Also, LPCVD nitride can be deposited
more conformally and hence should be able to protect the metal edge better than PECVD
nitride. However, LPCVD nitride can't be used with Al-Si due to its high temperature
requirement. Alternative passivation layers at low temperature are silicon nitride/oxide
(SiNx/SiOy) deposited by plasmaenhanced chemical vapor deposition (PECVD). Thelow
temperature process required for the passivation layer is due to the the choice of the metal,
Al-Si, which iseasily available and goad for silicon I C processing. Due to the difficulties
of the Al-Si passivation during silicon micromachining, many researchers tried to employ
different metals such as gold, molybdenum, titanium, or silicided metal. Gold is quite a
stable metal in anisotropic etching solution and other metals can survive at higher
temperature, like 800°C, so that LPCV D nitride can be used as a passivation layer. Table
4.3 shows the differences between PECV D and L PCV D nitride film characteristics.

Table 4.3. Comparison of PECVD and LPCVD nitridefilm characteristics.

- P 1tT1 it
Deposition Temperature ~300°C ~75
Surface Coverage Less Conformal ~ Conformal
Required Thickness 22 um ~(.2 pm
Cracks appear 23 um 2 0.4 um
‘Lateral Undercut more than LPCVD small

As shown in Figure 4.6(b), Al-Si metal layer seemed to react with gases during
PECV D oxide deposition resulting therough Al-Si surface and degradation of the oxide. It
is not clear how and why the PECV D oxidation reacts with the Al-Si layer to degrade the
passivating layer and will need more experiments to confirm the results. Therefore,
PECVD nitride, instead of oxide, was deposited on the Al-Si layer as thefirst passivation
layer. A thick (> 3 pm) PECVD nitride seemed to work quite well asshown in Table 4.2.
However, too thick of a passivation film applies stress to the silicon wafer and may result
in cracking during the KOH etch. Therefore, PECVD SiN,/SiOy/SiN, multiple layer was




applied instead of one thick passivation layer so that PECVD oxide can act as stress relief
material between the nitride sandwich. According to theresultsin Table 4.2, the multiple
layer seemsto work the best thusfar, but the whole deposition takes a much longer time
than a single passivation layer deposition because the PECVD chamber and el ectrodes need
to be cleaned before subsequent deposition.

(e) Cleaning of the Wafer and PECVD System

Cleaning the wafer is very important throughout the whole fabrication process
because an uncleaned surface will cause an unxpected roughness, resulting in degradation
of the passivation layer during a KOH etch. Cleaning the surface after every lithography
step, patterning, and etching should be done with much care. Piranha (1H,SO4 + 1H,05)
cleaning isone of the best methods for cleaning the wafer during the device fabrication.
However, it can't be used after Al-Si depotition becauseit attacksthe Al-Si layer. After the
metal layer ia patterned by wet etch, the negative photoresi stcan not be removed by acetone
(ACE) rinse. It can be removed by warm Nophenol followed by rinsing in
tetrachloroethane (TCA), ACE, methanol (METH). During this rinse, Nophenol needsto
ke cleaned thoroughly from the wafer front to achieve a clean surface before depositinga
passivation layer. When Nophenol is exposed to water, it will make foam and may leave
some residue even after a long rinsing with deionized (DI) water. Any residue before
depositinga passivation layer can cause adagradation of the passivation layer. Cleaning the
wafer and apparatus is aso important because KOH etch is sensitive to the cleanness of
them. After depositing PECVD nitride and patterning back etch window, cleaning with
piranha was avoided in order to minimize any possible damage to the surface of the
passivation layer. The wafer was cleaned only by soaking in solvents. This might
contribute to generating pyramids on the back of the etched diaphragm after the KOH etch
since KOH etch is quite sensitive to the cleanness.

PECV D chamber must aso be cleaned very well in order to obtain a stoichiometric

plasma nitride passivation layer without many defects. Typically, PECVD deposition
chamber is cleaned by CF,4 + O, plasmaetch after each deposition run. However, CF, +

O, plasmaetch is not enough to remove the residue from the electrodes and sometimes

scrubbing the electrodes is necessary particularly to remove the carbon deposited during
CF4 *+ O, plasmaetch. Scrubbing the electrodes and wiping the electrodes with solvents

improved the PECVD nitride qudity a« » » ««ivation layer.




4.4. Front Ddineation and final structure

Two different methods were tried for passivation and front delineation. The first
design was made such that all lithography steps would be completed before KOH back-side
etching. Figure 4.9 (@) illustrates the cross section diagram of the structure just before the
front delineation is performed. In thisfirst design, a PECVD oxide layer was deposited on
the front side and patterned using the front delineation mask (mask #8) after Al-Si metal
patterning. Then a PECVD nitride layer was deposited on both sides of the wafer. While
protecting the front nitride with a thick photoresist, the back etch pattern was defined.
When the back-etch was completed using KOH, the wafer was placed in thereactive ion
etch (RIE) chamber for thefront delineation.

Asthefront PECVD nitrideisetched away, the patterned PECVD oxideis exposed
and used as a mask while etching silicon for front delineation. The etch rate of, PECVD
oxide, PECVD nitride, and silicon with sulfur hexafluoride (SEg) at 500watts was found to
be 0.02um/min, 0.1um/min, and 0.5um/min respectively. The PECVD oxide thickness
can be optimized such that top Al-Si bonding padswWl beexposed when the silicon etching
is completed. If the PECVD oxideisthicker than desired and left after front delineation,
then it can be etched with a BHF wet etch. This way, when the back-etch isdone, the front
delineation can be completed without any further lithography process. Therefore, no
photolithography step was allowed after the thin silicon diaphragm was fabricated since the
thin diaphragm can be easily damaged. However, with this design some accelerometers
were damaged during KOH etch because of the thick steps introduced by the patterned
PECV D oxide and nitride passivation was not thick enough to protect sides of those steps.
The PECVD nitride deposited after patterning the oxide became weak at those steps and
was etched during along back-side KOH etch. This design would work better if the oxide
step was reduced.
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Figure4.9. Cross section diagram of two different approachesfor the front delineation. (a)
Front delineation is patterned on PECVD oxide beforethe KOH back etch. No
lithography step is performed after the KOH etch. (b) KOH etch is performed
followed by a front lithography step for the front delineation.
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The second method is to perform the back-side KOH etch before the front
delineation. Figure 4.9 (b) shows the cross section diagram when the wafer is reasy for the
front delineation. In this approach, triple layers of PECVD nitride/oxide/nitride was
consecutively deposited on the front of the wafer after the metal was patterned. Without
patterning the front layer, the back of the wafer was passivated and patterned for KOH
etch. When the KOH etch was completed, the wafer was then attached to a back-plate
wafer for amechanical support. With the back plate wafer attached, the accel erometer wafer
can proceed photolithography stepseven thoughit still requires much care.

Triple layers of PECVD nitride/oxide/nitride were then etched by RIE using
SFg before the front delineation lithography. The front delineation was patterned with a
thick (AZ4620) photoresist such that the photoresist can be used as a mask during front
delineation by RIE using SF¢. After the front delineation is completed, the photoresist on
the top can be removed by a plasmaash without damaging the wafer. The front lithography
worked quite well with the back plate wafer intact and the front delineation was successful
as long as the top photoresist stays intact during the front delineation by RIE, The front
lithography can still avoided if the PECVD oxide can be patterned after the first nitride
deposition (Figure 4.8 (b)) and it will betried in the near future.

MELO Accelerometer Wafer

Figure 4.10. A schematic picture showing MELO accelerometer (AP-1) wafer is attached
on the Delco Electronics ASD back-plate.
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45. Testing of MELO Accelerometer (AP-1)

Once thefront delineation was compl eted, the wafer was removed from the back
plate wafer and attached on the Delco's 4" back plate wafer for testing as shown in Figure
4.10. Delco's back plate has a pattern of basins aligned for each die to limit the movement
of the accelerometer proof mass. The wafer was then cut into dies aong the die border and
each die was packaged and bonded with aluminum wire. The package was placed on the
testing station for the electrical output (DC and AC analysis) with respect to the applied
acceleration.

A st of 12 completed accelerometersweredelivered for testingin 1991. The testing
results revealed that the design needed to be modified. There were two major reasons.
First, the lateral undercut of the PECVD nitride was considerably more than expected in the

initial design. Therefore, back etch window became wider than the original design and the
<111> sidewall planesintersected on SEG siliconoutsideof the SiO, etch-stop area. This

caused the exposed SEG silicon around SiO, etch-stop area to be etched through while
MELO diaphragm was protected perfectly by SiO,/V-groove etch-stop. Figure 411 isa
SEM photograph of the back of the MELO silicon diaphragm where SEG silicon was
exposed due to the overetched PECVD nitride back-etch mask. The back-etch window was
aligned to <110> direction and the ending <111> sidewall was supposed to form and
intersect on the SiO,/V-groove etch-stop area. However, <111> sidewall intersectedon the
SEG areaout of the etch-stop area and the exposed SEG silicon was etched when the etch
continued. Particularly when the exposed SEG silicon occurred on a part of the
accelerometer bridge, the whole accel erometer was ruined because of a broken bridge,
hence the electrical output could not be obtained. Therefore, in the second design, the
excess latera etch was taken into account and more tolerance to the wafer thickness
variation was designed into the mask #9.

Secondly, during the front delineation, SFg R E etches isotropically vertically and

laterally and therefore changed the bridge width and length. The longer the RIE is, the more
lateral etch occurs. When the beam width became narrower, dueto lateral etch by SFg RIE,
the piezoresistorsand the Al-Si metal line on the bridges were attacked. Also, when the
beams became longer than desired, the stress distribution changed substantially and the
concentration of the stress shifted away from the piezoresistors. Figure 4.12 shows the
problemswith the first design and the better resultswith the second design. Figure 4.12 (a)
clearly showsthat the piezoresistor isout of the beam end line where the most stress would
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be induced. Figure 4.12 (b) shows that the middle of the piezoresistor is aligned to the
beam end line.

SiNy

<111> Sidewal

i

Compensation Corner

Figure4.11. A SEM photograph of the back of the MELO silicon digphragm. An excessive

lateral undercut of the PECVD nitride in the initial design caused the<111>
sidewadll to intersect on the SEG regionout of the SiO, area
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Figure4.12.Comparison of the first and second design in the AP-1 bridgegructure. (a) A
schematic diagram and photograph of first design showing excessive lateral
etch by RIE using SFg. (b) A schematic diagram and photogr aph of second

design showing theimprovement after RIE using SFg,.




Figure 4.13 shows the crack that occurred parallel to the line where <111> back-
side etch plane intersected on the top {100} surface. This problem was resolved by
reducing thefront delineation pattern window dimension (mask #8).
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Figure 4.13. A photograph showing the crack occurred on the top SEG area due to the
excessive lateral etching during the KOH back etch which made <111> side
wall intersect with the SEG area out of SiO, area.

Another possible cause of thelow yieldsin accel erometer fabrication was the crack
on the MELO silicon diaphragm due to the thermomechanical stress from the thick
passivation layer during the KOH back etch (Figure 4.14 (a)). This can be reduced by
making the front passivation layer thinner. Having Chrome on the surface may enable
thinning the passivation layer since the Chrome makes the front surface smoother, protects
the underneath patterned Al-Si, and provides additional mechanical strength after KOH
back etching.




Figure4.14. A SEM photograph of the crack occurred on the MELO silicon digphragm
during KOH etch. It is not parallel to the SiO4 strips but to the intersect of

<111> side wall and the top <100> plane.

4.6. Final Fabrication Procedure

The resulting final structure is shown in Figure 4.15. The final fabrication
procedure is described in Figure 4.16 and its across section diagrams are illustrated in
Figure 4.17.
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Figure4.15. Theresulting final sructure. (2) SEM photograph of top view, (b) one bridge
with piezoresistor with an enlarged view of the piezoresistor by Nomarski
microscope. The seed window lines are shown by shadow.
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Figure4.16. Final fabrication procedure.
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Figure4.17. Cross section diagram of the MELO acceler ometer fabrication procedure.
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Figure4.17. Cross section diagram of the MELO acceler ometer fabrication procedure
(con'd).




V. Summary

This chapter presents a summary of the results of the work performed over the
1991 calendar year. Described was the successful fabrication of 9 um thick, 250 pm X
1000 pm MELO silicon diaphragm. The standard deviation of the MELO silicon acrossa
entire 3" wafer was 0.5um indicating the excellent thicknesscontrol and that the uniformity
has been maintained consstently. In order to be ableto devel op the SEG/MELO technology
for an accelerometer type sensor as well as its applicability to pressure sensors, the
investigation was continued based on the excellent progress medein 1990.

First, The SEG/MELO process was investigated further since the MELO silicon
diaphragmis the key structurein fabricating MELO accelerometer. It wasimportant to have
excdlent quality MELO slicon film for aconsistent and repeatable MELO accel erometer.
The MELO silicon quality waseva uated by performing a Secco defect etch on the MELO
sliconfilm as well as by fabricating € ectronic deviceson MELO silicon. The Seccoetch
reved ed that further growing of MELO silicon after mergingon the oxideidandsheds and
reduces the number of defects. The applicability of the MELO silicon to the device
fabrication was examined by fabricating BIT devices, which isone of the most sensitive
device to the material defects. The devices were fabricated on one merging seam and on
multiple merged seams. Testing resultsfrom both base-to-emitter (B-E) diode and base-to-
collector (B-C) diodes showed that the idedlity factors and reverse biased junctionleakage
currents are comparableto the ordinary SEG devices. It indicatesthe MELO sliconis good
enough for the mgjority carrier devices such as piezoresistors and MOSFETs as well as
diodes and BJT devices. Table 2.2 shows the results of the fabricated BJT devices
including both emitter-base and collector-base diodes. The different seed window
preparation by reactive ion etch (RIE) with Freon115 and Freon116 was d o investigated
in order to minimize the the seed window and hence the formation of V-groovesafter KOH
back-etch. The width of the seed windows was controlled and made narrower than wet
etched seed windowsand comparable MELO silicon wasgr own. Thiswill mekethe MELO
film thickness more controllable. Any damage possible from the RIE was prevented by
stopping the RIE just prior to the bottom SiO,/Si interface and removing the resdua oxide
by wet etching prior to the SEG process. The postepitaxial oxidation treatment (PEOX)
was investigated in the SiO,/Si sidewall interface for reducing the V-grooves by forming
the V-grooves at the sidewall edge. The interfacial bond strength a the Si0,/Si interface




became improved by this treatment and the V-grooves Start at the S$iO,/Si sidewall edge.

Although this shows substantial improvement, it needs more study.

Secondly, the etching characteristics with KOH-based solution were characterized
using an optimized beaker-within-beaker etching system for consistent and repeatable
etching results. The temperature control was necessary because the KOH etch was sensitive
to any temperaturechange, i.e. the vertical etch rate enhances with increased temperature.
The beaker-within-beaker arrangement was employed in order to maintain the temperature
of the etchant within +1-C of the setpoint. The effect of the n-propanol and KOH by weight
percent variation, based on two-level Taguchi experiment and ANOVA analysis, is most
significant on the vertical etch rate; however, the n-propanol content has a greater
contribution to the variation of the vertical etch rate than the KOH content. Furthermore, it
was found that the KOH etchant does reduce in its etching strength, but this was not
observed for either short or long etch timesif a freshly-made etching solution was used
initially. The KOH etching characteristicsobserved in the statistical experimentswere used
to determine the appropriatecomer compensation mask for buffering the convex comer
undercuts of the proof mass. Basically, the si ze of the comer compensated design can be
reduced when the etching occurs under a controlled temperatureenvironment. This was
proven by etching the first corner compensation mask (designed using an uncontrolled
etching system) in a controlled etching system. Therefore, a second corner compensation
mask, using KOH etching characteristics observed under a controlledetching system, was
designed and produced. The new mask is currently being used for the next production of
the accelerometer.

At last, the &sign and layout of the Purdue MELO Accelerometer (AP-1) were
accomplished. The accel erometer design was made such that it can be assembled on the
ASD sensor version back-plate and tested at Delco Electronics after its completion.
Piezoresistors were designed to have a sheet resistance of 212 Q/square and a junction
depth of 1 pm. Comer compensation was designed after several etch experiments were
conducted to determine the appropriate parameters so that the consistent results can be
obtained. Front-side passivationof Al-Si, during 6-hour long KOH etch, wasinvestigated.
Lift-off procedures used for metal delineation of the Al-S causes sharp pikes a the metal
edges which were not completely covered by the passivation layer. The metal was then
attacked by KOH etch solution. Therefore, an Al-Si wet etch was employed instead of Al-
Si lift-off. The original surface quality of the sputter deposited Al-Si was important as it
was related to the degradation of the passivation layer. Extra pumping time, while reducing
the chamber base pressure from 3x10-7 Torr to <2x10-7: yielded a better, very smooth and




shinny surface probably due to the lower water and oxygen content. Cleaning the wafer
and PECVD chamber including the electrodes are very important in order to get a near
stoichiometric plasma nitride passivation layer without many defects. Layersof PECVD
SiNy/SiOx/SiNx was the best passivation obtained thus far, even though one thick (> 3
pum) PECVD nimde seemed to work. However, too thick of a passivation film applies
stress to silicon wafer and results in cracking during the KOH etch. Al-Si and Chrome
double metal layer was med as a metallization sandwich since Chrome gave a much
smoother surfaceand it lasted longer in the KOH etch solution.

Based on the above resultssevera completed accel erometer dies were delivered to
Delco for testing. The first testing reveaed that the back-side etch mask needed to be
modified due to the undercut of the PECVD nitride mask during KOH back etch. With the
second set of masks, the accelerometer yield was improved and nare dieswill bedelivered
for testing. The SiO,-V-groove etch stop, initially used to form the thin silicon diaphragm,
worked exactly as expected, yielding high quality material and good thicknesscontrol.
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