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a b s t r a c t

Rekindled interest has developed in pulsed vacuum systems due to their use for Xenon Difluoride (XeF2)
etching systems and their usefulness in the fabrication of MEMS and nanostructures. Despite numerous
applications of pulsed vacuum systems, little information is available in the literature on their design
considerations. In this paper mathematical models and their experimental verification are presented for
various important design considerations of pulsed vacuum systems. Control of the chambers' pressures
and pulse durations are typically the most important design considerations for processes involving
pulsed vacuum systems. Pressure sensors give the exact pressure, but accurate chamber volumes are
unknown. Thus a methodology is developed for accurate determination of chamber volumes that
involves the introduction of a calibrated volume into a chamber. Then it is demonstrated that allowing a
known pressure and volume of gas to move between two chambers leads to accurate temporal control of
the chambers' pressures. Furthermore, by varying chambers' volumes, configurations, pressures, and the
conductances between the chambers it is shown that the pulse duration could be accurately controlled.
Though the model and demonstrations are presented in the context of a pulsed XeF2 etching system, they
are general and useful for all pulsed vacuum systems.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The use of pulsed vacuum systems is widespread across various
manufacturing and processing industries. They are used in
numerous industries such as poultry meat and fruit processing/
treatments [1,2] and sterilization of medical equipment [3] as well
as nanotechnology [4e12]. Despite being used in commercial ap-
plications since at least the 1960's not much information is avail-
able in the literature on the considerations for designing a pulsed
vacuum system. Their more recent use for semiconductor and
MEMS device manufacture has brought renewed attention to
pulsed vacuum systems. In this work, the design of pulsed vacuum
systems is thoroughly studied. During the process of designing and
).
employing the pulsed vacuum system a method for calibration of a
vacuum systems volume is described and how the system is used
for plasma-less dry etching of Si using Xenon Diflouride (XeF2).

XeF2 was first used to etch silicon in 1978 [13]. Etchingwith XeF2
has many advantages over traditional silicon etching techniques
such as: high selectivity, fast etch rates, isotropic etching, sponta-
neous etching at room temperature, and has been shown to be
useful in the fabrication of MEMS devices [13e15]. Liquid etchants
can cause MEMS failure through stiction [4,16e21] and plasma
etches can damage them due to ion implantation and tempera-
tures. Plasma etching processes are also limited in their selectivity.
The XeF2 etching process removes these complications and helps
lead to higher yields in MEMS production [13]. High selectivity has
been observed for many metals and masking materials, including
Si3N4, SiC, SiO [13], W, Al, TiN, Cr [5], Au, SiO2, and photoresists [6].
XeF2 can also be used to etch metals like molybdenum, titanium
[13], and nickel [7]. Although several custom pulsed XeF2 systems
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have been developed in the past [5,22] and some are also available
commercially [23,24], to the best knowledge of the authors' the
discussions have always been restricted to the etch characteristics
and rate dependencies and not on the design characteristics of the
system itself. In this paper the authors' present mathematical
models and design considerations for a recently developed pulsed
XeF2 vacuum system and compare the analytical results to exper-
imental results. Even though the models and the concepts pre-
sented in this paper were developed for pulsed XeF2 etching system
they hold true for any pulsed vacuum system.

2. System design

The simplified schematic diagram of pulsed XeF2 etching system
developed for this study is presented in Fig. 1. Logic for the final
configuration is presented in subsequent sections. The system is
comprised of four stainless steel chambers connected in series and
isolated from each other via computer controlled pneumatic valves
and a scroll pump.

XeF2 is a white, crystalline chemical first synthesized in 1963
[25] that sublimates at vapor pressures below 3.8 Torr [26]. XeF2
crystals are stored in the ‘source chamber’ and vacuum is pulled to
obtain XeF2 gas; alternatively the source chamber can be replaced
by a gas bottle of anhydrous XeF2 or any other chemical process gas
(or liquid that evaporates at similar pressures) if required. The
remaining three chambers namely: the ‘etching chamber’, the
‘expansion chamber’ and the ‘dump chamber’ are all instrumented
with the 0e10 Torr pressure sensors that provide accurate pressure
measurements and real time feedback for a custom written com-
puter software to automatically control the etching processes by
operating isolation valves. The Baratron pressure sensors used have
a 0.001% error of Full Scale. The expansion chamber is installed
between the source and the etching chambers and allows a known
pressure of XeF2 to be metered into the etching chamber.

The etching chamber is themain chamber of this system and the
entire system is built around controlling and maintaining the
introduction and withdrawal of the charge gas from this chamber.
Samples to be etched are placed in this chamber. Its lid is sealed
Fig. 1. Schematic and picture of pulsed vacuum system used in this work.
with a Viton O-ring and is held closed by vacuum. The lid allows
access into the etching chamber for sample placement and
removal. It also has a provision for the installation of etch depth
monitoring via clear glass view port in real time. The dump
chamber is a large volume kept under vacuum that enables rapid
withdrawal of charge gas (and etch products) from the etching
chamber. With the exception of the source chamber, all other
chambers can be vented individually by the direct introduction of
nitrogen gas. The source chamber is vented through the expansion
chamber when required. This was designed intentionally to pre-
vent diluting the XeF2 with nitrogen by accidental venting of source
chamber.

During pulsed etching, the expansion chamber is isolated from
the source and etching chambers and its pressure is lowered to the
base pressure (approximately 10 mTorr for the scroll pump). The
expansion chamber is then opened to the source chamber via a
pneumatically controlled valve, and XeF2 sublimates into the
expansion chamber. The valve to the source chamber is then closed
when the expansion chamber reaches the desired pressure, and the
etching chamber is brought to the base pressure of the system and
again isolated from the pump. The pneumatically controlled valve
between the expansion chamber and etching chamber is then
opened for a short period of time, allowing a charge of gas to flow
into the etching chamber until it achieves the desired etching
pressure. This valve is then closed and the system waits for a user-
defined etch pulse duration (normally ~60 s or longer) before the
pneumatically controlled valve between the etching chamber and
dump chamber is opened to remove or quickly ‘dump’ the gas
charge into the dump chamber. The valve between the scroll pump
and the dump chamber is always kept opened. The cycle is iterated
for a user-defined number of cycles known as pulses.

The base pressure of the system is approximately 10 mTorr, thus
the subsequent analyses are relevant to a system operating in the
medium vacuum range (i.e. >1 mTorr). With additional consider-
ations the proceeding analyses can be used for high vacuum and
ultra-high vacuum systems. Examples of these additional consid-
erations are: outgassing from surfaces, gettering of introduced gas
on the surfaces, regurgitation (backstreaming) of the pump(s), and
how the gas interacts with the pressure measurement equipment.
Finally, catalyzation of surfaces could occur when using reactive
gases thereby altering pressure vales. In order to avoid these issues
N2 was used in this work.

3. Determination of system volumes

Accurate determination and calibration of chamber volumes are
extremely important for the experimental verification of any
mathematical formulation involving gases at known pressures in
chambers with finite volumes. Most real life chambers are not exact
rectangles or cylinders as normally depicted in the literature, they
are shaped with ease of manufacturing and assembly in mind. Also
the existence of input and output ports, tubing lines, nooks, crev-
ices and volumes occupied by the chucks or sample clamps makes
the accurate determination of chamber volume by dimensional
measurements nearly impossible. Addition of water or any other
liquid into a vacuum based system is typically impractical. It may
introduce contamination into the system, damage valves or elec-
tronics, and trapped gases in the liquid may introduce additional
error. More sophisticated techniques for volume measurement of
vacuum systems are needed [27]. In this section a novel experi-
mental method for the accurate determination of chamber volumes
is introduced. The method is traceable to the calibration standards
of length and volume. Though used to calibrate the volume of the
pulsed vacuum system this simple method can be used to calibrate
any vacuum system.
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Consider a system of two unknown volumes connected to each
other via a valve that can isolate them from each other. For pulsed
vacuum systems, such as one described in the previous section (see
Fig. 1), Volume 1 (V1) could represent the volume of etching
chamber and Volume 2 (V2) could represent the volume of
expansion chamber. Assuming that the etching chamber has been
pumped down to the base pressure and the expansion chamber is
filled with a gas at some known pressure P2 such that the pressure
P1 ≪ P2, then the following conditions will describe this state of the
system.

State 1:

P1¼0; V1¼unknown; n1¼0; T1¼300K;
P2¼P2ðknownÞ; V2¼unknown; n1¼n ðunknownÞ; T2¼300K;

where P, V, n and T are the pressure, volume, number of moles of gas
and gas temperature, respectively. A subscript of 1 indicates the
etching chamber and 2 indicates the expansion chamber. The
equation for the state of the system is given by the ideal gas law:

P2V2 � nRT ¼ 0 (1)

where R is the ideal gas constant. Now assume that the valve
isolating the two systems is opened and gas is allowed to fill the
etching chamber (V1). After the system has achieved equilibrium
the new state of the system is:

State 2:

P1¼Pf
�
known

�
; V1¼unknown; n1¼nV1=ðV1þV2Þ; T1¼300K;

P2¼Pf
�
known

�
; V2¼unknown; n2¼nV2=ðV1þV2Þ; T2¼300K;

where Pf is the final pressure of the gas in both the chambers and is
measured from the pressure gages attached to the chambers. Note
that the processes here are considered to be isothermal. This state
of the system can be described by:

Pf ðV1 þ V2Þ � nRT ¼ 0 (2)

From Eqs. (1) and (2) it is clear that we have two equations and
three unknowns (V1, V2 and n). In order to solve the system another
equation is required. This can be achieved by adding a solid block of
known volume (V0) to the etching chamber (V1) and thereby
reducing the volume of the etching chamber by V0. An alternative
could be to add a known volume (additional chamber) to the sys-
tem thus increasing the volume rather than reducing it. When the
expansion chamber is filled with the same pressure P2 as previously
and the isolation valve is opened the system attains a new equi-
librium pressure P0f and the state of the system now is:

State 3:
P1 ¼ P0f
�
known

�
; V1 ¼ unknown; n1 ¼ nðV1 � V0Þ=ðV1 � V0 þ V

P2 ¼ P0f
�
known

�
; V2 ¼ unknown; n1 ¼ nV2=ðV1 � V0 þ V2Þ;
In this state the system can now be described by:

P0f ðV1 � V0 þ V2Þ � nRT ¼ 0 (3)

Eqs. (1)e(3) can now be solved by forward elimination and
backward substitution to obtain all the three unknowns:

n ¼ V0

RT

 
1
Pf

� 1
P

0
f

!

V2 ¼
�
RT
P2

�
n

V1 ¼ V0 � V2 þ
 
RT

P
0
f

!
n

(4)

The method described in the earlier paragraphs of this section
and the corresponding equations are now used to calibrate the
various chambers of the custom built pulsed XeF2 system with
configuration in Fig. 1. The experiment was repeated at various
pressures with two different known volume blocks (V0) and each
time the volume for etching chamber (V1) and expansion chamber
(V2) were determined. Fig. 2 is an example of data obtained using
this methodology.

Fig. 2 plots volume versus the initial pressure in the expansion
chamber. The data that falls on the lower line is for the etching
chamber, V1, and the upper line is for the expansion chamber, V2.
The volume calibration experiments have been done in two sets
each set with two different volumes for V0. In each set the volume
calibration has been performed at 20 different initial pressures of
the expansion chamber. All 40 experiments result in similar values
for the chamber volumes. Error bars for the data are smaller than
the data itself. The horizontal lines in Fig. 2 are a fit through each
set of 40 data points. The volume of the etching chamber is
determined to be 14.13 L and that of the expansion chamber is
15.12 L.

Measuring the physical volume of the system chambers and
implementing the methodology on yet another vacuum system
allowed for further verification of the methodology. For example,
the expansion and etching chamber volumes were measured using
calipers and their volumes were found to be 15.14 L and 14.69 L,
respectively. These values are 0.1% lower and 4% higher than their
respective calibrated values that were given in the last paragraph.
The expansion chamber's measured volume was closer because
fewer measurements were made to determine its overall volume
than for the etching chamber. Clearly, performing more measure-
ment propagates additional error. The method described in this
paper is superior due to its accuracy and because one does not have
to disassemble a vacuum system and measure each individual
piece. Furthermore, a common method of measuring volumes is to
pour a liquid into the volume in question; for many vacuum sys-
tems this method can be destructive or at least not preferable to the
dry method described in this paper. Two other vacuum systems
were tested with this calibration technique. Similar results were
found; the method described in this paper is relatively more ac-
curate and easier than other methods.
2Þ; T1 ¼ 300 K;

T2 ¼ 300 K;



Fig. 2. Volume calibration for V1 (circles) and V2 (rectangles).
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Using the method described above, the authors have been able
to accurately measure multiple volumes of vacuum chambers.
Since the length and volume standard can be applied to determine
the exact volume of V0 thus this method is traceable to the National
Institute of Standards and Technology (NIST).

4. Accurate pulse duration

Accuratemodeling and control of the pulse duration for a pulsed
vacuum system is very important. In a pulsed gas system the gas is
let into the process chamber (etching chamber in this case) by
opening the inlet isolation valve until the chamber has reached a
desired process pressure over a period of time Dtstart. At this point
the valve is closed and this pressure is maintained for a certain
period of time (pulse duration Dtrxn). Finally, opening the outlet
isolation valve allows for the system to return to its base pressure
over a period of time Dtfinish. This process is repeated several times
to obtain the desired number of pulses.

For a pulsed XeF2 etching system, the sample placed in the
etching chamber will begin etching as soon as the gas is let into the
chamber, even before it has reached the desired pressure. Etching
will continue until the last of the gas is evacuated from the chamber
long after the pressure of the chamber has dropped down from the
desired value. In order to control the etching process and determine
etch rates under various conditions; it is important that the sam-
ples are etched for a ‘known’ amount of time (Dtrxn) under ‘known’
conditions. This implies; havingDtrxn[Dtstart and Dtrxn[Dtfinish.
Even though Dtrxn is user defined both Dtstart and Dtfinish are
dependent on the design of the overall system.

In order to formulate a mathematical model that can be used to
design these parameters the system is bifurcated into two sub-
systems. Subsystem 1 is used to describe a set of conditions when
the gas is let into the etching chamber from the expansion chamber
(Section 4.1) whereas Subsystem 2 is used to describe a set of
conditions when the gas is evacuated from the etching chamber
(Section 4.2). In other words Subsystems 1 and 2 are used to model
the beginning and the end of a single pulse, respectively. Isothermal
assumptions are used for both scenarios.

4.1. Pulse release to etching chamber

The expansion chamber contains gas at some known pressure
P1, whereas the etching chamber is completely evacuated, P2 ¼ 0.
The volume for both the chambers is known, measured by the
method described in the previous section. The isolation valve
between the two chambers is then opened and gas is allowed to
flow from the expansion chamber into the etching chamber.
Mathematically this system can be described as:

for t <0 P1V1 ¼ nRT

for t ¼ 0
�
P1 ¼ Pi1
P2 ¼ 0

for t ¼ ∞ P∞ðV2 þ V1Þ ¼ nRT

(5)

where Pi1 is the initial pressure in the expansion chamber and P∞ is
the pressure in both the expansion and etching chamber after the
system has come to equilibrium. From the conservation of mass the
relationship between changes in number of moles of the chamber
as (6)

_n1 ¼ � _n2 (6)

The conductance of the tubing connecting the chambers con-
trols the rate of mass transfer between them. This is shown
mathematically in (7), where C is the conductance of the tubing
connecting the etching chamber to the expansion chamber.

8>><
>>:

_n1 ¼ � C
RT

ðP1 � P2Þ

_n2 ¼ C
RT

ðP1 � P2Þ
(7)

The rate of change of the pressures is controlled by the change in
the number of moles in each chamber as shown in (8).

8>><
>>:

_n1 ¼ V1

RT
dP1
dt

_n2 ¼ V2

RT
dP2
dt

(8)

Combining Eqs. (7) and (8) the differential equations governing
the pressure of the chambers are found as:8>>><
>>>:

_P1 ¼ � C
V1

ðP1 � P2Þ

_P2 ¼ C
V2

ðP1 � P2Þ
(9)

in which R is the ideal gas constant and T is the absolute temper-
ature of the gas. The system of linearly coupled differential equa-
tions of (9), can be solved as:8>>>>>>>>>><
>>>>>>>>>>:

P1 ¼ V1P
i
1

V2 þ V1

 
1þ V2

V1
e
�C

�
1

V2
þ 1

V1

�
t
!

P2 ¼ V1P
i
1

V2 þ V1

 
1� e

�C

�
1

V2
þ 1

V1

�
t
! (10)

From (10) the time constant for Subsystem 1 is:

t ¼ 1

C
�

1
V2

þ 1
V1

� (11)

Eq. (11) shows that the time constant for the system is a
function of both the system conductance and the chamber vol-
ume. By judiciously choosing the system's volumes and conduc-
tances the time constant for the pulse rise can be designed. Fig. 3
compares the modeled rise and fall of the etching and expansion
chambers with the experimental results from the actual system.



Fig. 3. Comparison of the experimental results with the theoretical results of (10).
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Experimental results were obtained by evacuating etching cham-
ber to 0.01 Torr (dictated by vacuum system limitation) and filling
the expansion chamber with a charge gas to a known initially
higher pressure, e.g. 3.62 Torr as in Fig. 4. The valve between the
two chambers was then opened and real time pressure change in
both chambers was recorded. In Fig. 3 the first 0.15 s has been
removed because the valve is still opening and the flow is not yet
fully developed and does not obey (10). The time constant for the
pulse rise, (11), is 0.08 s. Note that common etching times, Dtrxn, in
the literature commonly range between 30 and 60 s. Making
t < 0.3 s ensures that for common conditions etching chamber's
pressure rise accounts for less than 1% of the overall etching time
and therefore accounts for a negligible portion of the actual
etching time.

The assumption of isothermal expansion is justified when
considering the mean free path and velocities of the gas molecules
(N2). During one time constant (~0.08 s), more than 0.5*105 colli-
sions occur between the gas molecules and with the surrounding
chamber components. This level of collisions allows for the gas
molecules to thermalize with the environment on a time scale
much shorter than the time constant.

The curves in Fig. 3 are plotted using a value of 91.3 L/sec
for C. The conductance between the two chambers is mainly
dictated by the pipe connecting the chambers. The connection
Fig. 4. Comparison of the experimental results with the theoretical results of (16).
between etching and expansion chamber was composed of two
pipes 78.7 cm and 15.2 cm long with diameters of 3.75 cm and
2.54 cm, respectively, and a 22.9 cm long stainless steel flex
hose with an outer diameter of 4.9 cm. Thus the pressures and
the critical dimensions for this process fall into the transition
region between viscous and molecular flows [28]. Calculating C
using the viscous pipe flow equation yields 570 L/sec, while for
molecular flow yields 4.6 L/sec [28]. The value of 91.3 L/sec falls
between these limits as would be expected for a transition
flow.
4.2. Pulse dump from etching chamber

Just as it is important to ensure that Dtstart is negligible in
comparison to Dtrxn it is also important to ensure that Dtfinish is
negligible as well. An obvious solution is to use a pumpwith a large
enough pumping rate to remove the gases in the etching chamber.
However, pumps with relatively large pumping rates are consid-
erably more expensive than those with lower pumping rates if they
are even available at all.

Another solution is to connect a tank between the pump and
etching chamber that is always open to vacuum. This reservoir tank
is used to quickly ‘dump’ the pressure from etching chamber to a
much lower pressure thus reducing the reaction rate considerably
while the pump continues to gradually bring the pressure down to
the base pressure of the system. With proper design of the volume
ratio between the etching and dump chamber one can lower the
pressure, and subsequently the reaction rate, to a low enough
pressure that nearly all reactions have stopped.

The following is an in-depth discussion on the simulation of the
pressure changes in the exhaust process. This process is consider-
ably different than the aforementioned process because there is a
pump involved which makes this a nonconservative system. The
following analysis mathematically decouples the physics of the
dump and etch chambers. This leads to analytical closed form so-
lutions for the exhaust process that allows for easier interpretation
of the physics involved. In particular the design is discussed in
terms of the time constants for the processes.

The rate of mole transfer from the etching chamber to dump
chamber is found in a similar manner as the previous section.

_n23 ¼ CL
RT

ðP2 � P3Þ (12)

where CL stands for the conductance of the piping that connects the
etching chamber to the dump chamber. The subscript 3 refers to
dump chamber. _n23 refers to the mole rate from chamber 2 to
chamber 3. The rate of mole removal from the dump chamber is
dependent on the pump characteristics, which in general depends
on the instantaneous pressure on its inlet port. In particular,
pumping speed depends logarithmically on the inlet port pressure.
Eq. (13) gives the number of moles removed from the dump
chamber by the pump per unit time.

_np ¼ P3
RT

ðk1 log P3 þ k2Þ (13)

where _np refers to mole rate of dumping gas by pump. The rate of
change in the number ofmoles of the etching and dump chamber is:

�
_n2 ¼ � _n23
_n3 ¼ _n23 � _np

(14)

The pressure of the chambers changes directly with the number
of moles in the chambers as:
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8>><
>>:

_n2 ¼ V2

RT
_P2

V3 _
(15)
_n3 ¼
RT

P3

From 14&15, the system of differential equations describing the
pressure of the chambers is obtained:

8>>><
>>>:

_P2 ¼ �CL
V2

ðP2 � P3Þ

_P3 ¼ CL
V3

ðP2 � P3Þ �
P3
V3

ðk1 log P3 þ k2Þ
(16)

This system of differential equations is solvable only by nu-
merical methods.

Experimental results for the constructed system are compared
with the theoretical simulation in Fig. 4. Agreement between the
simulation and experimental results is achieved by finding the
proper values of the pipe conductance, CL, and the parameters of
the pump k1 and k2 using numerical optimization algorithms to
achieve proper fit by minimizing the RMS Error. Note that in a less
than a few hundred milliseconds the pressure of the etching
chamber and dump tank are the same. At this point it is as if the
dump chamber does not exist, it behaves as a line with a conduc-
tance. This fact allows for the problem to broken into two analyti-
cally solvable problems.

One can introduce two time constants to further study the
exhaust process that subsequently divides the physics of the
problem into two steps. In the first step the chambers are con-
nected to each other (before the two pressures meet) and in the
second step the pump lowers the pressure of the two connected
chambers (after the two pressures meet). Since the pump is not
playing a considerable role in the first step and the pressure dif-
ference between chambers is ignorable in the second step the two
stages can be considered independent to a good approximation.
The ignorable pressure difference between chambers makes it
possible to replace the two chambers in the second step with a
single chamber of equivalent volume. This results in the coupling of
the equations in (16) allowing for theoretical closed form solutions.
Although this solution is for a special case the closed form solution
obtained allows a deeper understanding of effect of different pa-
rameters in the physics of the problem and also allows an easier
method to optimize the chamber designs to reach desired time
constants for each step.

Subsystem 2 describes the set of conditions for the end of a
single pulse, i.e. controls Dtfinish. Subsystem 2 can be further divided
into two subsystems namely Subsystem 2a and Subsystem 2b. In
Subsystem 2a the chambers reach the same pressure after the valve
opens. In Subsystem 2b the two chambers are considered as a
single hybrid dump chamber, which is pumped down to system
base pressure. Subsystem 2a is a mass conserving system while 2b
is not.

Continuity for Subsystem 2a yield results similar to Eqs.
(9)e(11):

8>>><
>>>:

_P
*
2 ¼ �CL

V2

�
P*2 � P*3

�

_P
*
3 ¼ CL

V3

�
P*2 � P*3

� (17)

which can be solved as
8>>>>>>>>>><
>>>>>>>>>>:

P*2 ¼ Pi2
V2 þ V3

 
V2 þ V3e

�CL
�
1
V2

þ 1
V3

�
t
!

P*3 ¼ Pi2V2

V2 þ V3

 
1� e

�CL
�
1
V2

þ 1
V3

�
t
! (18)

with a time constant of:

ta ¼ 1

CL

�
1
V2

þ 1
V3

� (19)

For Subsystem 2b the pressure changes over time can be found
by combining the etch and dump chamber into one volume:

_P
*
3 ¼ P*3

V3 þ V2

�
k1 log P*3 þ k2

�
(20)

The following physical observation makes (20) much simpler to
solve and the solution more understandable. As time approaches
infinity the flow rate of the pump approaches zero which means at
the limit,

0 ¼ � P∞
V3 þ V2

ðk1 Log P∞ þ k2Þ (21)

where P∞ is the ultimate pressure of the vacuum pump. Solving
(21) for k2 we find:

k2 ¼ �k1 Log P∞ (22)

Applying (22) to (20) leads to:

_P
*
3 ¼ � k1P*3

V3 þ V2
log

P*3
P∞

(23)

which can be solved as

P*3
P∞

¼
�
P0
P∞

�exp

�
� k1 t

V ln 10

�
(24)

where P0 ¼ ðV2=ðV2 þ V3ÞÞPi2 is the final pressure of Subsystem 2a
expressed as a function of the initial pressure in etch chamber, and
V ¼ V3 þ V2. The time constant of Subsystem 2b is:

tb ¼ V ln 10
k1

ln

0
BB@1þ 1

�1þ ln
�

P0
P∞

�
1
CCA (25)

In an ideal design P0 is designed to be much lower than Pi2. This
lowers the etch rate considerably in a short period of timewhen the
valve to dump chamber opens. It is desirable that the pump evac-
uates the exhaust gasses immediately as well, but since the price of
a pump increases drastically with pump flow rate this is not usually
practical. The pump constant k1 and k2 are fixed for each pump but
proper determination of the time constants using (24) allows
proper choice of pump to fit the expected pumping rate for the
system.

Again, the goal is to have ta that is approximately 1% or less than
a typical pulse duration (30e60 s). From Fig. 4 ta is 0.42 s, which is
approximately 1% of a typical etch's duration. A pumpwith a higher
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flow rate will provide a shorter tb, which reduces the time to
eliminate the gases remaining within the vacuum chamber.

A final note about using Eqs. (16) and (25). When designing a
system and using these equations in order to attain proper limits
for the behavior of Eqs. (16) and (25) range of values for k1 and k2
should be attained from the manufacturer when possible. As a
result of this work it was determined that k1 varied by 28% and k2
by 82% as compared to the manufacturer's manual.

5. Summary and conclusions

Dynamic models have been presented for various stages of
pulsed vacuum processing. In particular, the case of XeF2 etching of
Si was examined. It was determined that the chambers' pressures
and pulse durations were the most important parameters involved
in this type of pulsed vacuum processing. Therefore, the developed
mathematical models focused on the temporal variation of pres-
sure in the associated chambers.

Closed form solutions for the systems of differential equations
modeling the temporal variations of pressure (gas flow), were
derived. These solutions are valid for situations where pump rates
are generally lower than the conductances of associated pipes,
connections, and valves that account for the majority of vacuum
systems. Eqs. (10), (18), and (24) can be used to study the pressure
as a function of time as gases move from one chamber to another.
While Eqs. (11), (19), and (25) represent the time constants for
different portions of the system. The time constants can be used to
gain general insight intowhich parameters control the introduction
and removal of gases from the pulsed vacuum system allowing for
optimization of system parameters to meet pulse duration con-
straints. In this paper the time constants for filling and emptying a
pulse was designed and shown to take less than 1% of typical
etching durations of XeF2 etching of Si.

Experimental validation was given for the developed equations.
However, validation was only possible knowing the exact volumes
of the chambers involved. A chamber's pressure is readily available;
the exact volumes of the chambers are not. Thus a new method-
ology for the accurate calibration of vacuum system volumes was
developed in which a calibrated volume was introduced into a
vacuum chamber while a series of pressures are measured.
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