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ABSTRACT

In this work the etching of different Si-oxide (thermal oxide, TEOS as —deposited, TEOS annealed and PSG anneadled), Si-
nitride (LPCVD and PECVD) and metal layers (Al-Cu, Ti and TiN) in HF:H,O 24.5:75.5, BHF:glycerol 2:1 and vapor HF
is studied and compared. The vapor HF etching is done in a commercially available system for wafer cleaning, that was
adapted according to custom specifications to enable stiction-free surface micro-machining. The etch rates as a function of
etching method, time and temperature (for HF vapor) are determined. Moreover, the influence of internal (temperature,
nitrogen flow, wafer size) and external (sample pretreatment) parameters on the HF vapor etching process are anayzed
before choosing the standard HF vapor etch technique used for comparing the etching behavior of the different films.

Auger depth profiles and infrared spectroscopy are used to explain the time varying etch rates of the metal films and the
changes in the Si-nitride films after HF vapor etching.
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1.INTRODUCTION

Surface micro-machined Micro Electro Mechanical Systems (MEMS) are often made by using poly-Si or poly-SiGe 2 as a
o : _ structural layer and an oxide layer as the sacrificial layer.
The sacrificial layer can then be etched with high
selectivity towards the structural layer by the use of
Hydrogen Fluoride (HF). The most widespread method of
HF based etching is wet chemical etching in a mixture of
HF and water or in a mixture of buffer HF with glycerol *
10 The latter is preferred when Aluminum structures are
on the wafer as the addition of glycerol to BHF decreases
the etch rate of metals. Drying of released wet etched
structures however causes problems of stiction. Although
solutions exist to overcome these problems, it is aso
possible to circumvent tiction by using an HF vapor
: release etch. Especidly when the wafer temperature
S during the release is raised above 40 °C, a high yield can
be obtained for the surface micro-machined structures ™
An example of a surface micromachined poly-SiGe
bolometer, fabricated by sacrificial etching of TEOS with
HF vapor, is shown in figure 1.

Figure 1: surface mlcromachlned poly-SiGe
bolometer pixel *



2. EXPERIMENTAL PROCEDURE

2.1. Sample preparation

The blanket layers that were investigated in this work are four different Si-oxides, two different Si-nitrides and three metal-
based films. The Si-oxide layers are 1200 nm wet therma oxide grown at 975 °C, 1000 nm TEOS (tetraethoxysilaan)
deposited by a CVD process at 670 °C, the same film annealed for 30 min. at 900 °C and 1000 nm PSG (phosphosilicate
glass) with 4.5 wt.% P grown at 550 °C and annealed for 30 min at 750 °C. The 200 nm thick LPCVD nitride layer was
deposited at 770 °C, while the 1000 nm PECV D nitride was deposited at 400 °C. The meta-based films are all deposited by
sputter deposition. The titanium and titaniumnitride films are 200 nm thick and the Al - 0.5 wt.% Cu film is 1000 nm thick.
All these layers are commonly used in semiconductor and MEMS processing and can thus be present on the wafer during
the sacrificial oxide etching.

2.2. Description etch procedure

For the wet chemical etching experiments two different solutions were used. The first solution consists of one part HF (49
%) and one part DI water, resulting in a 24.5% HF solution in water or 14.2 mol/l. The second solution is made by mixing
two parts of buffer HF (BHF) with one part glycerol (HOCH,-HOCH-CH,OH). BHF itself consists of seven parts of NH;F
(40%) and one part HF (49%). The BHF/glycerol solution thus has lower concentration of HF, only 4 % or 9.4 mol/l. The
etching will thus go slower for the BHF/glycerol mixture compared to the HF/H,O mixture, but will also be more selective
as will become clear from the measurements. The experimental procedure used for the wet etching is as follows. after
etching a piece of a 200 mm wafer for a certain time in one of the solutions, the sample is put in a beaker with DI water for
a few seconds after which it is rinsed in streaming DI water. After drying with a nitrogen gun, the film thickness is then
measured on at least five different places on the wafer. For the transparant films this is done by a spectrometer, for the
conductive films this is done indirectly through a sheet resistance measurement. If the film resistivity is assumed to be
constant, the sheet resistanceisinversely proportional to the film thickness.
The vapor HF etching is done in a commercially available system (Figure 2) for wafer cleaning, that was adapted according
Heod ek to custom specifications to enable iction-free surface micro-
; machining. This custom adaptation consisted of adding a heater stage
(room temperature to 75 °C) for the wafer. Heating the wafer does
result in a slower etching rate (see further), but aso alows for
gtiction free processing ™ as most of the water in the system is
evaporated. To get a vapor of HF and water in the reaction hood,
which is at a dightly lower pressure than the atmosphere, nitrogen is
bubbled through a 49% HF solution. The nitrogen flow can be
adjusted between 0.1 and 1 I/min. In order to get reproducible
etching results, the preparation of the sample is important (see also
4.1). The samples are first cleaned in water, then dryed with a
nitrogen gun and then baked out in a furnace at 120 °C for 30
minutes. This results in a clean sample, which is then preheated for
10 minutes in the system before the etching with a nitrogen flow of 1
[/min starts. Layer thickness measurements are done in the same way
as for the wet etched samples.
The reaction equations both for wet *° and vapor HF ***7 etching
can be found in several references. For HF vapor etching it is
important to note that surface adsorbed water is needed as an initiator
filter N, Tt for the HF vapor etching reaction "', This explains a number of the
SA o HF vapor test results described in chapter 4.

cy, Eshaist

Figure 2: Schematic of the HF-vapor
equipment 2.



3.WET CHEMICAL ETCHING

3.1. Si-oxides

3.1.1. Si-oxides in HF/H>0 solution

From all investigated oxides, annealed PSG is etched the fastest in HF/H,O (Figure 3). The addition of phosphorus, which is
converted to phosphoric acid during etching, in PSG increases the etch rate **°. TEOS is etched almost as fast as PSG.
Annealing the TEOS densifies the film and makes it more etch resistant. Thermal oxide, the oxide that has seen the highest
temperature, is etched the slowest.
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3.1.2. Si-oxides in Buffer HF/glycerol solution

In BHF/glycerol oxides are etched a lot dower compared to in HF/H,O (Figure 4). As mentioned before, this is due to the
lower HF concentration. Moreover, TEOS is etched how slower than annealed PSG. This is probably due to the lower water
content in BHF/glycerol, as the reaction of P,Os to phosphoric acid needs water *2.
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3.2.

Si-nitrides

3.2.1. Si-nitrides in HF/H>0 solution

LPCVD nitride is etched slower than PECVD nitride (Figure 5) due to its higher processing temperature and consequently

higher density.
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3.2.2. Si-nitrides in Buffer HF/glycerol solution

Figure 5: Etch rate of
different nitridesin
HF/H,O solution

Also in BHF/glycerol, PECVD nitride is etched faster than LPCVD nitride (Figure 6). However, the absolute etch rates are
reduced substantially compared to etching in HF/H,O.
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3.3. Metals

3.3.1. Metals in HF/H»0 solution

Figure 6: Etch rate of
different nitridesin
BHF/glycerol solution

Both Ti and Al-Cu are etched quickly in a HF/H,0 solution (Figure 7a). For TiN, which is made by reactive sputtering of Ti
in a nitrogen atmosphere, the etch rate is reduced substantially (Figure 7b). The changes in relative sheet resistance (=R



o.sheet/ Reneet = d/dp fOr @ constant resistivity with Reeet and d, respectively, the sheet resistance and thickness of the film at a
certain time, respectively, and R o«eet @Nd oy, respectively, the initial sheet resistance and thickness, respectively) of these
metal -based films with etch time is not linear. To get a better understanding of the etching mechanism, Auger depth profiles
were taken both for as-deposited and etched films. For Ti it is clear from figures 8a and b that, during the etching, the top Ti
layer is converted to a Ti-oxide layer. The same could be seen for the TiN samples. This conversion to an oxide layer results
in an increase of resistivity and thus also an increase in sheet resistance. Thus, the changes in sheet resistance measured for
Ti and TiN are not directly reflecting changes in film thickness, but mere changes in resistivity. The calculated etch ratesin
table 1 (see further) are thus only indicative of the rate of attack of the Ti and TiN films. Auger depth profiles for Al-Cu, on
the other hand, indicated that the changes in sheet resistance agree very well with the changes in Al-Cu thickness. The only
compositional change was a Cu enrichment at the film surface after etching. This indicates that Cu is etched a lot slower
than Al. As the Cu remained on the surface, no increase in resistivity is expected and the changes in sheet resistance are
therefore a good measure for the changes in film thickness.
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Figure 7: Relative sheet resistance changes as afunction of etching time for Ti and Al-Cu (&) and TiN (b) in an HF/H,O solution.
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Figure 8: Auger depth profile of Ti (a) before and (b) after etching for 7 sec in HF/H,O



3.3.2. Metals in Buffer HF/glycerol solution

The investigated metal-based films are etched a lot slower in the BHF/glycerol solution (Figure 9 a and b). This is exactly
the reason why this solution is preferred for sacrificial oxide etching when metal films are on the sample surface. Only Ti is

gtill etched relatively fast.
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Figure 9: Relative sheet resistance changes as afunction of etching time for TiN and Al-Cu (a) and Ti (b) in a BHF/glycerol solution.

3.4. Conclusion wet etching

The etch rates of the different materials in the two solutions are listed in Table 1. These etch rates were obtained from a
linear least squares fit of al data points, with the exception of the metal-based films with the non-linear characteristics. The
etch rates of Al-Cu, Ti and TiN were determined from the average changes in sheet resistance with etching time over the
whole etching period in the assumption of a constant resistivity. They can thus only be taken as an estimate.
The main conclusions from Table 1 are;
All etch rates are substantially lower in BHF/glycerol compared to HF/H,O.
The BHF/glycerol solution has a much higher selectivity towards nitrides and metal-based films and is therefore more
suited as etching solution when the latter materials are on the wafer during the sacrificial oxide etching.
The difference in etch rate between different types of oxide is larger in the HF/H,O solution. This solution is thus
preferred when oxides need to be etched selectively towards each other.

Material PSG TEOS TEOS Thermal PECVD LPCVD Al-Cu Ti TiN
annealed annealed oxide nitride nitride

Etch rate

in 3300+ 3110+ 1180+ 410+ 20 98+7 12.8+ 800 + 1200+ 04+0.2
HF/H,0 100 80 10 0.6 600 600
[nm/min]
Etch rate
inBHF/ 198%7 247+ 4 159+ 2 66+ 1 76%+03 0,72 £ 04+01 60%30 0.06 £
glycerol 0,02 * 0.05
[nm/min]

Table 1: Etch rate in HF/H,O and BHF/glycerol solutions.
*This value was determined from the etching data of the first 23 hours only.



4.1.

4 VAPOR HF

Influence of internal and external parameters on the HF vapor etching process

Initial tests on HF vapor etching indicated that several parameters, such as the sample pre-heat time and the sample size, had
an influence on the HF vapor etch rate. Therefore a series of pre-tests were performed in order to set up a reproducible
testing method. The sample preparation itself is crucial as residual water on the sample might accelerate etching *'. A
reproducible way to prepare the samples was described in chapter 2 and has been used for all tests listed below.

4.1.1. Effect of pre-heat time

In Figure 10 the influence of the waiting time between putting the sample on the heater stage and the inlet of the etching
vapor is shown. Clearly it takes some time before the sample is at the processing temperature. If one does not wait long
enough, the temperature is too low and the etching goes faster (see aso 4.1.4). From these results it was decided to set the

pre-heat timeto 10 min.
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4.1.2. Effect of N2-flow

Figure 10: Influence of pre-heat
time on the etch rate for 2cmx2cm
annealed TEOS samples at a heater
stage temperature of 50 °C, a
nitrogen flow of 1 I/min and an
etching time of 20 min.

In Figure 11 the increase in etch rate with increasing nitrogen flow is shown. At low flow rates, the supply of reagentiais
too low and the etch rate is very low. There is probably not enough water to catalyze the reaction *’. At medium flow rates
an increase in etch rate can be seen with increasing flow. This increase however stops for very large flow rates as at that
time the supply of reagentiais probably not etch rate limiting any more.
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Figure 11: Influence of the
nitrogen flow on the etch rate
for 2cmx2cm annealed TEOS
samples at a heater stage
temperature of 50 °C, apre-
heat time of 10 min. and an
etching time of 20 min.



4.1.3. Effect of wafer size

In Figure 12, the effect of wafer size on the etch rate is shown. Clearly larger wafer sizes etch slower. This is probably due
to the limited supply of reagentia. If it were possible to increase the nitrogen flow more, it might be that this difference in
etch rate for different wafer sizes would disappear.
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4.1.4. Effect of temperature

As expected from literature ™, the etch rate decreases with increasing temperature as the amount of condensed water
decreases with increasing temperature. This is a disadvantage of working at elevated temperatures, but on the other hand
also the chances for stiction decrease with a decreasing amount of condensed water. Figure 13 shows another interesting
phenomenon: the etch rate at 42 °C is lower for atotal etch time of 3 min compared to an etch time of 15 min. This can be

explained by the fact that the HF vapor etch has an incubation period before etching really starts. The latter was shown in a
separate experiment.
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4.1.5. Changes in HF concentration

When N, bubbles through the HF/H,O solution, more HF is evaporated than water for a 49% HF solution *. This resultsin
a decrease of HF concentration in the solution and thus in a decrease in the etch rate with etching time. For an annealed
TEOS sample, for example, the etch rate is decreased by one third after 90 hours of total etching time. This decrease in etch
rate has to be taken into account when comparing the etching results of different materials. This was aways done for the
experiments described in 4.2-4.4.



4.1.6. Test method

To avoid equipment and sample surface dependent etch rate results, always 2cmx2cm samples, a pre-heat time of 10 min, a
nitrogen flow of 1 I/min and a heater temperature of 35 °C were used for the experiments of 4.2 - 4.4.

4.2. Si-oxides

Figure 14 shows the etched thickness as a function of etch time in HF vapor for various oxides. Similar to the etching in
HF/H,0, thermal oxide is etched the slowest and annealed PSG the fastest. The etching of annealed PSG also results in a
wet residue on the surface (Figure 15). This is probably phosphoric acid, as this only evaporates at 200 °C. Using PSG as a
sacrificia layer isthus not a good idea when HF vapor is used for sacrificia etching, as stiction will be unavoidable.
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Figure 14: Etch rate of oxides in HF vapor a 35 °C. The values in the figure are  Figure 15: surface of annedled PSG etched for 2
corrected for changes in the HF concentration. min with HF vapor.

4.3. Si-nitrides

After etching Si-nitride with HF vapor, the thickness could not be measured anymore by elipsometry. Clearly another
compound had formed. Infrared absorption measurements indicated a gradual disappearance of Si-N peaks and a gradua
appearance of peaks belonging to Si-NH,, which might arise from (NH,4),SiFs or from NH4HF,, in agreement with the
literature ?°. If needed, (NH,),SiFs can be removed by heating up the wafer after HF-etching 2.

4.4. Metals

All investigated metal-based films are etched very slow in vapor HF (Figure 16). Especialy Al-Cu is hardly attacked.
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4.5. Conclusion HF vapor etching

The etch rates of the Si-oxides and metal-based films in HF vapor @ 35 °C are listed in Table 2. The high sdlectivity
towards metal-based films is clear. Moreover, the possibility of stiction-free etching, with the exception of the etching of
PSG, makes HF vapor a very attractive sacrificia etching technique. The reaction of the nitrides, however, can be regarded
as a disadvantage. Also, the oxide etch rates are, with the exception of PSG, lower than in the BHF/glycerol solution and for
all oxides certainly lower than in the HF/H,O solution.

Material Annealed TEOS Annealed Thermal Ti TiN Al-Cu
PSG TEOS oxide
Etch rate 290+ 20 220+ 40 100+ 10 15+1 0.19+£0.02 0.06+£0.02 0.03
@35°C
(nm/min)

Table 2: Etch rates in HF-vapor @ 35°C determined from alinear least square fit through all available data points for one material. The
valuesin the table are corrected for changes in the HF concentration (multiplication factor between 1 and 1.4).

5.DISCUSSION AND CONCLUSION

As a conclusion a table is made (Table 3) of the relative etch rates of the different materials with respect to the thermal
oxide etch rate for the three different sacrificia etching techniques. When comparing the selectivities between the different
oxides and the selectivity of thermal oxide etching towards Al-Cu and Ti, vapor HF clearly gives the best results. Only
when nitrides or PSG are present on the surface, HF vapor might not be such a good choice. Also when fast oxide etching is
needed and no selectivity towards other materials is needed, wet etching in an HF/H,O solution might be preferred.
However, in the latter case one needs to solve the stiction problems.

Material Annealed TEOS Annealed Thermal PECVD LPCVD Ti Ti nitride  Al-Cu
PSG TEOS oxide nitride nitride

Relative
etchratein 8.0 7.6 29 1 0.24 0.03 29 0.001 2.0
HF/H,O

Relative
etchratein

BHF- 3.0 37 24 1 0.12 0.01 0.9 0.0009 0.006
glycerol

Relative
etch ratein 19 15 6.7 1 0.01 0.004 0.002

HF-vapor

@ 35°C

Table 3: Relative etch rates of the different materials with respect to the thermal oxide etch rate in wet HF/H,O, wet BHF/glycerol and
vapor HF @ 35°C.
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