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Abstract: HF etching of sacrificial layers with different structures, namely channel, bubble,and joint-channel,is studied.

The existing model cannot fit the experimental data well. The error of etching rate between the existing model and the ex-

perimental data increases with etching time. A modified model considering the diffusion coefficient as a function of HF

concentration and temperature is proposed. The etching rate coefficient as a function of temperature and the effect of re-

action production are also considered in the modified model. For the joint-channel structure,a new mathematical model for

the etching profile is also adopted. Experimental data obtained with channel,bubble,and joint-channel structures are com-

pared with the modified model and the previous model. The results show that the modified model matches the experiments

well.
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1 Introduction

Sacrificial layer etching is a technology in which
the sacrificial layer is selectively removed by etchant
and a suspended structure is formed. It is widely used
in the fabrication process of MEMS! . The combina-
tion of HF and silicon dioxide or phosphosilicate-glass
(PSG) is the most popular in sacrificial layer etching.
Since over etching is harmful to the poly-silicon struc-
ture layer'? ,precise prediction of the etching process
can not only improve the characteristics of MEMS de-
vices but also save process time. Many reactive flux
models have been proposed to predict the etching
process,including the Deal-Grove model™ , power law
model"" ,langmuir-hinshelwood kinetics model®’, and
freundlich adsorption isotherm kinetics model®’ . So
far,the combined first-and-second order release-etch-
ing model presented by Monk'* and Liu et al.'”
seems to predict the etching process well. Wu et al ."*
use the power law model to predict the etching
process. The results show that the model can also de-
scribe the etching process well. But compared to the
combined first-and-second order model, the power
law model is much more complex in solving the equa-
tions. In the model proposed by Monk™ and Liu
et al."" ,only the channel structure with an etching
window at one end is considered. Eaton et al.” " ex-
tend the work done by Monk'*' and Liu et al."”’ ,mak-
ing the etching model fit for not only simple struc-
tures (such as channel structure and bubble structure)
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but also complex structures (such as join-channel
structure) by applying different boundary conditions.

In the models proposed by Liu et al.'” and Ea-
ton"*~"', the diffusion coefficient of etchant is consid-
ered as a constant. Monk'®! has proposed that the val-
ue of diffusion coefficient varies with the bulk etch-
ant concentration. However, the diffusion coefficient
is still assumed as a constant during the entire etching
process for simplification. Since the assumption of
constant diffusion coefficient of etchant is accepted in
most existing models,these models will be referred to
as constant diffusion coefficient models (CDC model)
in the remainder of the paper. This assumption makes
the models very simple. However, it may also cause
error, especially for etching processes with a long
etching time.

Secondly,in CDC model, all the etching experi-
ments are done at a given room temperature and the
etching rate coefficients are also obtained at that tem-
perature. If the experiment temperature changes, the
etching rate coefficients cannot be used again. There
is no method proposed to calculate the etching rate
coefficients at any temperature in the model.

Thirdly,in the CDC model,the effect of reaction
production,namely H,SiF; ,is not considered for sim-
plification. Whether the effect can be neglected or
not requires further study.

Finally, for joint-channel structure, Eaton
et al """ proposed a model to calculate the etching
rate. In his model, the etching front is assumed as a
straight line when the etching front reaches the sec-
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ond channel. So the etching front area is equal to the
section area of the second channel. The mathematic
model proposed by Eaton et al. for joint channel
structure works well when the etching starts from a
wide channel, but it may be wrong when the etching
starts from a narrow channel, because the etching
front is no longer a straight line.

In this work,a modified model considering diffu-
sion coefficient as a function of HF concentration and
temperature is proposed. Accordingly, this modified
model will be referred as the transformable diffusion
coefficient (TDC) model. The etching rate coefficient
as a function of temperature and the effect of reac-
tion production are also considered in the TDC mod-
el. For joint-channel structure, a new mathematical
model for the etching profile is proposed, which fits
the experiments well. Experimental data obtained
with channel, bubble,and joint-channel structures will be
compared with the TDC model and the CDC model.

2  CDC model of sacrificial layer’s etch-
ing

In the CDC model, the diffusion flux J4,can be
expressed as,
iCc _ ,(C, - O)
D i D — 5
where 6(¢) is the etching front position,and C, and

Jo =~ (D

C; are the bulk concentration and HF concentration
at etching front,respectively. D is the diffusion coef-
ficient of HF solution. In the power law model™! , the
reactive flux is expressed as,
Jur = kC" (2)
where n is the reaction order between 1 and 2,and k
is the reaction coefficient. In the CDC model, J is
simplified as,
Jur = k,C + k,C* (3
At steady state,the above fluxes are equal to each
other,

Jo = Jure 4
The etching rate is proportional to Ju:""',
d3 1 MSiO? =
= = = — X —= .
v dr 6 oo, JHF (5)

where v is the etching rate, Mso, molecular weigh of
SiO; ,and ©sio, density of SiO,.

Equations (3), (4), and (5) are combined to
yield,

oCt + A = o(1) + %Al = o(t) +
My A
L IS0 (ke C o+ k,CAL 6)
6 ©sio,

Equations (1), (3),and (4) are combined to
yield,

_ _(k16+ D)+ (klé\"‘ D)2+4k28DCb

= (7)
2k,

According to Egs. (6) and (7), the etching rate is a

function of the diffusion coefficient D. In the CDC

model, the value of D is measured by experiment at

C

room temperature as 1. 6 X107° cm”/s. It is assumed to
be constant throughout the entire etching process and
at any temperature.

For bubble etching, a radical system is used.
Then,Equation (1) becomes,
c,-C

Jo = Dr(lnr —Inr,)

(8

where r and r, are the radius of the etched disk and
etching window, respectively. Other equations are the
same as those of the channel structure.

For the joint-channel structure, when the etching
reaches the joint, the diffusion flux of the second
channel can be evaluated by applying a total mass flux
boundary condition™*.

JiS =728, D)
where Jii=1.0 and S;-1. are the diffusion flux and
etching front area of the ith channel, respectively.
The depth of the two channels is equal and marked
with the letter H. So S, is the product of the W,
(width of the first channel) and H.In Eaton’s mod-
el, the etching front is assumed to be a straight line,so
S, is the product of the W, (width of the second chan-
nel) and H.

3 TDC model of sacrificial layer’s etch-
ing

3.1 Diffusion coefficient

In the CDC model, the diffusion coefficient D is
considered as a constant. However, research in chem-
istry already indicates that the diffusion coefficient is
a function of solution concentration and tempera-

ture-# 14

_ _RT’ n.+n. At Al . MC

b= 334gwF* "~ n_ n. A3+,19( 1oood)_
MC

DT (1= 15554 ) (10)

where Dy (T) and D(T) are the diffusion coefficient
at infinite dilution and at non-infinite dilution,A% and
AL are the ions conductance,n. ,n_ are the valences
of cation and anion, F is faraday, s is the viscosity of
water, C is the molar concentration of the solution,
M, is the molecular weight of the solution,and d is
the density of the solution. With the hydrofluoric
acid,the values of A% and A" are 349.8 and 75(A/
cm®) (V/ecm) (g-equiv/cm®) ™! respectively. The ab-
solute values of n, and n_ are both 1. M is the mo-
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lecular weight of HF with a value of 20g/mol. Because
the density of the solution is close to that of the wa-
ter,it is assumed to be 1g/cm® during the calculations.

3.2 Etching rate coefficients

[15]

Judge"™ indicated that the etching rate coeffi-
cient could be expressed as,

k = Aexp B/RT [@ED)
where k is the etching rate coefficient, A is a con-
stant, E, is the activation energy,and T is the temper-
ature. For combined first-and-second order release-
etching model, Equation (11) can be rewritten as,

ki, = A exp E/RT (12)

The activation energy for k, and k, are assumed
cqual to each other. Normally, activation energy is a
function of the temperature. Since the temperature of
measuring the activation energy and the temperature
of sacrificial layer etching experiments are usually
very close,the activation energy can be assumed to be
a constant. The values of A,,A,,and E, can be deter-
mined approximately by three experiments. The etch-
ing time for the three experiments should be very
short,to make sure the diffusion-limited effect is ig-
norable. In this case, the HF concentration at the
etching front is approximately equal to the bulk con-
centration. Therefore, the etching rate can be ex-
pressed approximately as,

b = 1 % ]\/Isio2
6 0sio,

For the three experiments, the temperature and
solution concentration are set as (1) T,,Cy,(2) T,,
Cysand (3) T,,Cy . These will result in three different
etching rate values. Using Eqgs. (12) and (13),it is easy to
calculate the values of E,,A;,and A,.

In the following part, when a comparison be-
tween CDC model and TDC model is made,in order
to make a fair comparison.the same k, and k., values
obtained in this work are used for both the CDC mod-
el and TDC model during the calculation.

(k]Cb + kgci)

(13)

3.3 Effect of reaction production

In the CDC model,the effect of reaction produc-
tion is not considered. Monk" studied the effect of
reaction production on the etching process. He found
that the effect was small if the concentration of
H,SiF; in the solution was lower than 20% of HF
concentration'? . So it will be helpful if we obtain the
concentration of H,SiFs at the reaction front. During
the etching process,the reaction flow of H,SiF; is 1/6
of the reaction flow of HF.

JHZSiF6 = %JHF (14)

At steady state,the reaction flux should be equal

to diffusion flux,

(15)
Assuming the linear distribution of H,SiF; con-

centration,

-]1-125i1:6 =Jp

CstiF6 - Cb(HZSiFG)
0
where DHzSiFs is the diffusion coefficient of H,SiFs
with the value 7. 7X 10 ®cm? /s according to Monk"*',
CHzSiFe is the concentration of H,SiF; at the etching
front.and Cy,sr, is the bulk concentration outside the
reaction channel. Since the reaction product is very
small compared with the total solution used for etch-

JD = DHZSiFﬁ X (16)

ing,it is reasonable to consider Cb(HZSiF6> as 0. There-
fore,

17)

J H,SiF; —

The concentration of H,SiFs can be obtained
with Eq. (17).

3.4 Etching front area

In Eaton’s model, the etching front is assumed as
a straight line for the whole etching process®'.So the
etching front area S, in Eq. (9) is equal to the section
area of the second channel,i.e. W, H. This is true for
the etching process in the wide-narrow channel. How-
ever, if the etching process starts from the narrow
channel, the etching front presents an arc rather than
a straight line when the etching front reaches the
wide channel. In this case, the etching front areca S,
depends on the profile of the etching front.

Through many experiments with a narrow-wide
structure, Wu et al."'" found the shape of the etching
front can be simplified as an arc. The radius of the arc
can be calculated as,

Wi, Wi W. - W,
J’” 2 Tex ST 2
ro= ‘
m W]Z WZ_W]
1)” 2 TIw, - w7 2
(18)
Then, S, can be expressed as,
reH . (x + W, /2 w, - W,
[t (),
o rH L (W, W, - W,
19051“ (27) x>
a9y

The etching front area is different from W, H as
indicated by Eq. (19). However,as the etching process
proceeds, the etching front becomes a straight line
and the area is close to W, H again. This can be seen
more clearly in the calculated results in the results and
discussion.

For wide-narrow structure,i.e., W, > W,, S, =
W,H.
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The final equations for the TDC model and CDC
model are,

1 Mi. )
doCi) _ 1 o 7050 (g i = 1) 4 k,CCi = DY)
dt 6 0sio,
o(i) = o(i - 1) + 900G =D\,
dt
. MCGi -1
D) = ey (1= MEL=L) L for TDC model

D(i) = 1.6 Xx10°cm?/s, for CDC model

Ciiy = = (ki6Cn — 1)+ D(i)) 4

(k,0Ci — D+D(i))*+4k,0C(i—-1)DCHCi—-1)
2k,0Ci — 1
(20)
where i =1,2,3, - . At the initial time, C is equal

to Cy,i.e.,C(0)=C,.For the CDC model,the D(i)
is assumed to always equal 1. 6 X107° cm®/s.

4 Experiment

The process to fabricate the samples begins with
a 4-inch silicon wafer. First,a PSG layer is deposited
on silicon by low-pressure chemical vapour deposition
(LPCVD). The PSG layer is patterned to form the is-
land followed by deposition of an LPCVD low-stress
polysilicon structural layer. Finally, etching windows
are opened by plasma etching. The samples include
channel structure, bubble structure, and joint-channel
structure. The width of the channel is 200pm and the
etching window is equal to the width. For the bubble
structure,an etch window with the radius of 5,10, 0r
20pm is at the center of the bubble. For the join-chan-
nel structure,the two channels are 20 and 160pum, re-
spectively.

A polytetrafluoroethylene vessel with hydroflu-
oric acid covered with a plastic cover slide is put in
the bath for enough time to ensure the temperature of
the etchant is the same as that of the bath. The cover

Constant temperature
water bath

Schematic of the experimental setup

slide is used to reduce the volatilization of HF and to
avoid the mixing of the HF and water vapor. Then the
sample is put into the vessel to begin the etching
process. The etching process can be monitored by a
camera through a microscope in real time. The etched
length can be read out from the ruler in the etched
sample and the photo will be taken by a digital camer-
a. Figure 1 is the schematic of the experimental setup,
including the water bath, digital camera, microscope
and computer.

5 Results and discussion

5.1 Effect of HF concentration on the etching rate

The effect of concentration on the etching rate
with channel structure is shown in Fig. 2 and Fig. 3.
The concentrations of HF solution are 24, 16, and
12mol/L, respectively. The temperature is 25C . The
etching rate of the experiment is obtained by the
difference between the neighbor data of etching
length.

Figure 2 shows that the etching length increases
with the etching time for all HF concentrations. For
the same etching time, the etching length is larger in
higher HF concentrations. Figure 3 shows that the

24mol/L  16mol/L 12mol/L
=1000¢ / p
é. i
s 800F
2
£ 600r * —TDC Model
% 400k ----CDC Model
o T,,;=298K
:’-:2 200F
m

0 100 200 300 400 500 600
Etching time/min

Fig.2 Etching length as a function of etching time with differ-
ent HF concentrations
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HF concentrations Fig.5 Front concentration of H,SiFs calculated by the TDC

calculated initial etching rate is 7.74, 3.70, and
2. 22pm/min for 24,16,and 12mol/L HF solution, re-
spectively,for both the CDC model and TDC model.
For the three HF concentrations, the etching rate de-
creases with etching time,as shown in Fig. 3. This can
be explained by the etchant concentration at the etch-
ing front decreasing gradually during the etching
process because of diffusion limitation. It is not sur-
prising that the etching rate decreases more quickly in
higher concentrations of HF solution since the diffu-
sion limitation is more evidence in higher concentra-
tion solutions.

After etching of 1000p.m, the CDC model indi-
cates that the etching rates decrease to 3. 69,2. 07,and
1. 37ym/min, which are 47. 7% ,56. 0% ,and 61. 5% of
the initial etching rates in 24,16,and 12mol/L HF so-
lution, respectively. But both the experiments and the
TDC model indicate that the etching rates do not de-
crease as seriously as predicted by the CDC model.
The etching rates at length of 1000,m are 4. 92,2. 63,
and 1.68um/min. which are 63.6%, 71.1% . and
75. 6% of the initial rates for 24,16,and 12mol/L,re-
spectively. The rates obtained by the TDC model are
33.3%,27.1% ,and 22. 6% higher than those by the
CDC model when the etching length reaches 1000m
for 24.16.and 12mol/L,respectively.

As indicated by Fig. 2, both models match well
the initial 200pm etching process for all HF concen-

S 4 — TDC model
g 2t ---- CDC model
= T,,~298K

= 20¢ C,=24mol/L
Hs 18' .. -~ HF

g N

2 16+ :

g

£ 14}

jo

2 12+

3

2 10f

£ 0 100 200 300 400 500 600

Etching time/min

Fig.4 Front concentration of HF calculated by the TDC model
and the CDC model

and the CDC model

trations. But for the extended etching process, the
difference between the CDC model and the experi-
mental data is obvious, while the TDC model still
matches the experimental data well. The etching
length and rate obtained by the CDC model are less
than those obtained by experiments. The error of the
CDC model increases with etching time and initial HF
concentration. The error of length reaches as high as
13.6% for the 1000pm etching process at 24mol/L
HF solution. But the difference between the TDC
model and the experimental data is less than 4. 8%.

5.2 Effect of reaction production on the etching rate

Calculated using Egs. (17) and (20) for the TDC
model and the CDC model, the concentrations of
H.SiFs and HF at the etching front as functions of the
etching time are shown in Fig. 4 and Fig. 5.

The diffusion coefficient of HF at the etching
front calculated by the CDC model and the TDC
model is shown in Fig. 6. The ratio of front concen-
tration of H,SiFs and HF is shown in Fig. 7. For both
models,the HF concentration decreases with etching
length,resulting in the etching rate decreasing during
the extended etching process as shown in Fig. 4. On
the other hand, the diffusion coefficient increases
with the decrease of the HF concentration, as indica-

Cyr=12mol/L

200 T

0100 200 300 400 500 600
Etching time/min

@

.,Ig 24F Cy=16mol/L
2 /

= 2.2F

st

= 2.0 Cyr=24mol/L

2 —TDC model
= 1.8F ----CDC model
é 1‘6__.-.-....__..-___.Tl‘*fz_z_?s.lf

LS}

§ 1.4

=

Fig.6 Front diffusivity of HF calculated by the TDC model
and the CDC model
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Fig.7 Ratio of front concentration of H,SiFs and HF calculat-
ed by the TDC and the CDC model

ted by Eq. (10) for the TDC model. For the etching
processes with 12,16,0r 24 mol/L,the diffusion coef-
ficient increases from 2. 48 X107° to 2. 59 X 10 °,from
2.22%X107° to 2.40%x10 °*cm?®/s,or from 1.69 X 10°°
to 2. 04 X 10"°cm® /s, respectively. So the etchant can
diffuse to the etching front more quickly during the
etching process,resulting in the concentration decrea-
sing more slowly than the prediction of the CDC
model. In this way,increasing the diffusion coefficient
partly compensates the diffusion limitation during the
extended etching. The higher the bulk etchant con-
centration,the more obvious the effect of compensa-
tion is. In the CDC model, the diffusion coefficient is
considered as constant for different HF concentra-
tions. So the etchant concentration at the etching
front in the CDC model drops more quickly than that
in the TDC model.

The concentrations of the reaction product,
namely H,SiF;s, increase both with the etching time
and with the HF bulk concentration. But the ratio of
front concentration of H,SiFs; and HF is lower than
20% for all the etching processes,as shown in Fig. 7.
So it is acceptable to neglect the effect of the etching
product. If the etching length becomes longer, the
H,SiF; concentration will increase to above 20% of
the HF concentration for 24mol/L HF solution. At
that time,a more complex diffusion model should be
used.

5.3 Effect of temperature on the etching rate

The etching length and etching rate as functions
of etching time at different temperatures are shown in
Fig. 8 and Fig. 9, respectively. The temperatures are
27 and 17C, respectively. The concentration of the
HF solution is 20mol/L. The higher the temperature,
the quicker the initial etching rate is. This is reasona-
ble since the reaction coefficients, k, and k., ,are pro-
portional to temperature. On the other hand,the error
between the CDC model and the experimental data is
higher at higher temperatures. For example,when the
temperature is 27C , the end etching rate is 4. 05,m/

Etching time/min

Fig.8 Etching length as a function of etching time with differ-

ent temperatures

— TDC model
N e --- CDC model
e L C,y=20mol/L
E o Reluce]
g 5t 33.6%
=2 Reduce
2 s [ 50.7%
< - o o -
) T Z300K ;
£ R Reduce I
S 3 = A~-...30.0% Reduce
m . 39.5%
HF

207750 100 150 200 250 300 350 400
Etching time/min

Fig.9 Etching rate as a function of etching time with different

temperatures

min and 3. 00pm/min, respectively,for the TDC mod-
el and CDC model. The error is 35. 0% . When the
temperature is 17C . the end etching rate is 2. 60 and
2. 24pm/min, respectively, for the two models. The er-
ror is 16. 1% . This again is because the CDC model
considers the diffusion coefficient constant at differ-
ent temperatures.

5.4 Effect of etching hole on the etching rate

The etching behavior of the bubble structure is
similar to that of the channel structure. Moreover,the
etching rate of the bubble structure is related with the
size of the etching hole. The etching rate as a function
of etching time with different etching holes is shown
in Fig. 10. The radius of the etching hole is 5, 10, or

_21¢p —TDC model ----CDC model
£ 18l T=297K, Cp=12mol/L

£

215t

8 2

a 12+ "\ ry=Sum

£ o9t Sk SR \

= o6t

0150 300 450 600 750 900 1050
Etching time/min

Fig.10 Etching rate as a function of etching time with differ-
ent etching holes
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with the TDC model, CDC model,and experiments Widths of Fig.12 Concentration and area of the etching front as func-

the first channel and second channel are 20 and 160u.m, respec-
tively. The HF concentration is 22. 6mol/L. The temperature is
281K.

20pm, respectively. The initial etching rate is the
same,namely 2. 11pm/min with different radii of the
etching hole. When the etching length reaches
700pm, the etching rate in the TDC model is 0. 907,
0.951,and 1. 00pm/min with the etching hole of 5,
10,and 20pm,respectively. For the CDC model, when
the etching length reaches 700pm.the etching rate by
the CDC model is 0. 701,0. 738,and 0. 782um/min, re-
spectively. When the etching hole becomes larger, the
amount of etchant flowing into the etching hole in-
creases. Then, the diffusion limited is relative small.
Therefore, the etching rate increases with the radius
of the etching hole. On the other hand,it seems that
the larger the etching hole,the smaller the differences
between the TDC model and CDC model. For exam-
ple,the relative error between TDC model and CDC
model is 29. 4% ,28. 7% ,and 28. 0% , respectively. Al-
though the etching rate increases with radius of the
etching hole, the difference between Cs and C, de-
creases with the increase of the radius. Therefore, the
error of the diffusion coefficient used in the CDC
model decreases,resulting in the error of etching rate
decreasing with the increase of the radius.

5.5 Effect of etching front on the etching rate

The etching length and rate as functions of etch-
ing time for the narrow-wide channel is shown in
Fig. 11. The etching process begins from a narrow
channel with a width of 20pm, which is connected
with a wide channel with a width of 160m. The
lengths of the narrow and wide channels are 1000 and
500pm, respectively. The temperature is 281K. The
HF concentration in the etching solution is 22. 6mol/
L. As shown in Fig. 11,the etching process can be sep-
arated into 4 stages, (1) the first 1000pm, (2) 1000~
1070pm, (3) 1070~1254pm,and (4) the final 246, m.
The results are similar to the work published in Ref.
[16],in which the etching process can also be separa-

tions of etching time with the TDC model, CDC model, and ex-

periments Widths of the first channel and second channel are

20 and 160pm, respectively. The HF concentration is 22. 6mol/
L. The temperature is 281K.

ted into 4 stages. In Ref.[16], the width ratio is 4,
with the widths of the narrow channel and wide chan-
nel are 25 and 100pm, respectively. In this work, the
width ratio is 8. For narrow-wide joint channels, the
etching process is similar though the width ratio is
different.

As indicated by Ref. [ 16 ], during the first
1000pm of etching, the etching length increases with
the etching time quickly,according to the experiment
and both models. The initial etching rate is about
77. 0pm/min for both models. After 20min of etch-
ing,the etching rate predicted by the CDC model is
significantly larger than that by the experiment. With
the CDC model, the first 1000pm can be etched in
70. 6min. However, the actual time is 99. 9min accord-
ing to the experiment. The difference reaches above
40% . The etching time predicted by the TDC model is
100. Imin for the first 1000pm. The error of etching
time predicted by the TDC model is less than 0.2%.

In this stage, the etching rate decreases quickly.
According to CDC model, the etching rate at the end
of the first 1000pm is about 8.1pm/min, which is
about 10. 5% of the initial etching rate. However, this
rate is still much higher than that predicted by the
TDC model. With the TDC model, the etching rate at
the end of the first 1000pum is about 4. 89um/min.
This is only about 6.35% of the initial etching rate.
The decrease of the etching rate indicates the de-
crease of HF concentration at the etching front, as
shown in Fig. 12. For example, the front concentra-
tion decreases from 22.6 to 5.08,or 3.81mol/L, ac-
cording to the CDC model or the TDC model, respec-
tively. Compared with Ref. [ 16 ], the results are the
same in this stage. This shows that the etching behav-
ior is independent of the width in a single channel
structure. The same phenomenon is also observed by
Liu'™.
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In the second stage, the etching rate decreases
suddenly in a very short time. For the CDC model,
this is mainly due to the etching front area increasing
suddenly from 12 to 96um® as shown in Fig. 12. For
the TDC model, the etching front presents an arc at
the beginning of the second channel, and the etching
front area increases gradually as shown in Fig. 12. The
etching front area at this stage increases from 12 to
96u,m” and further to 139um*. The etching front area
can be larger than the cross section area of the chan-
nel,since the etching front is an arc. The area increa-
ses to 11. 58 times the initial 12,m”, resulting in the
HF concentration decreasing from 3. 81 to 0. 51mol/
L. This further results in the etching rate decreasing
gradually from 4. 89 to 0. 57um/min in 68min. At this
time, the etching length is about 1070pm. In this
stage,the end etching rate is lower than in Ref. [16],
which is 1. 01pm/min. The total etching time is longer
than in Ref.[16],which is 19min. This is because the
larger the width ratio,the more obvious the diffusion
limitation is. Furthermore, the maximal area of etch-
ing front also increases with the width ratio. This may
also result in the increase of the etching time.

For the CDC model, the etching rate decreases
gradually, as in the first channel. But for the TDC
model, the situation is much more complex. The fol-
lowing etching process can also be divided into two
stages. In the two stages, the etching front area de-
creases gradually from 139 to 96um* again. In the
third stage, the etching rate will increase slightly,
much different from the CDC model. At 415. 5min in
Fig. 11, the etching rate reaches the maximum
0. 77pm/min, which is 35. 1% higher than the mini-
mum value, 0. 57ym/min at the second channel. At
this time, the etching front area decreases to
97. 5ym*,and the etching length reaches 1254, m. Af-
ter that,the etching process goes into the 4th stage. In
this stage, the etching front tends to a straight line
and the etching front area tends to 96,m”. At the end
of the total 1500pm etching length, the etching rate
decreases to 0. 76pm/min, which is 1. 30% lower than
the maximum value of 0.77;m/min.

The TDC model matches the experimental data
much better than CDC model,as shown in Fig. 11.

Although the same k; and k, are used for the two
models in this work,the etching rate by CDC model is
larger than that by the TDC model for the joint chan-
nel structure, as shown in Fig. 11, but smaller than
that by TDC model for channel structure as shown in
Fig. 2 and Fig. 3 for the bubble structure as shown in
Fig. 10. This is mainly due to the diffusion coefficient
used in the CDC model. In the CDC model, D is a
constant and the value used is measured by experi-

ments at room temperature,i.e.about 20C . So for the
joint channel structure, the diffusion coefficient used
in the CDC model is much larger than that in the
TDC model, as the process temperature is 8C . For
channel structure and bubble structure, the process
temperature is 25 and 24C, respectively. Then, the
diffusion coefficient used in CDC model is smaller
than that in the TDC model.

6 Summary

The sacrificial layer etching model with different
structures is studied with HF etching of PSG as an ex-
ample. The CDC model considers the diffusion coeffi-
cient D as constant during the entire etching process.
However, it is found that this model cannot predict
the extended etching process accurately, especially at
temperatures different from room temperature. The
error of the etching rate of this model can reach high-
er than 30% during extended etching. This work ob-
tains the diffusion coefficient of HF as a function of
solution concentration and temperature. It is found
the diffusion coefficient increases with the decrease
of the etchant concentration. Increasing temperature
also causes an increase of the diffusion coefficient.
Thus,a modified model named the TDC model is pro-
posed. The TDC model matches the experiments well.
The effect of the reaction product is also analyzed.

The etching of SiO, or related mixed oxides is a
complicated reaction. The reactive species that attacks
the oxide is HF, ,a complex ion that is formed by the
presence of F~ ions and HF molecules. To simplify
the model,only HF is considered in this work for the
etching and diffusion process. Fortunately, the error
of the etching length predicted by the modified model
is less than 5% , which is acceptable in most cases. As
etching length increases further, the effect of etching
products will affect the etching and diffusion process
seriously. In that case,more a complicated model may
be necessary for accurate predictions.
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