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(57) ABSTRACT 

Different periods of an ALD cycle are performed using 
different purge ?oWs and, in some cases, different pumping 
capacities, While maintaining the reactor chamber at a nomi 
nally constant pressure. The purge ?oWs may, in some cases, 
utiliZe different gasses and/or may be provided through 
different ?oW paths. These operations provide for ALD cycle 
time improvements and economical operation With respect 

(21) Appl, No; 10/791,030 to consumables usage. In some embodiments the use of an 
annular throttle valve provides a means for controlling 
downstream ?oW limiting conductances in a gas ?oW path 

(22) Filed: Mar. 1, 2004 from the reactor chamber. 
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METHODS AND APPARATUS FOR CYCLE TIME 
IMPROVEMENTS FOR ATOMIC LAYER 

DEPOSITION 

RELATED APPLICATION 

[0001] This application is related to and hereby claims the 
priority bene?t of US. Provisional Patent Application No. 
60/455,034, entitled “Method and Apparatus for Cycle Time 
Improvement for ALD”, ?led Mar. 14, 2003 assigned to the 
assignee of the present application and incorporated herein 
by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to thin ?lm process 
ing and, more particularly, to methods and apparatus for 
improvement in the cycle time of Atomic Layer Deposition 
(ALD) processes. 

BACKGROUND 

[0003] In the ?eld of material deposition, a process knoWn 
as atomic layer deposition (ALD) has emerged as a prom 
ising candidate to extend the abilities of chemical vapor 
deposition (CVD) techniques. Generally ALD is a process 
Wherein conventional CVD processes are divided into indi 
vidual, sequential deposition steps that theoretically achieve 
saturation (and exhibit self-limited growth) at the level of a 
single molecular or atomic layer thickness. After each depo 
sition step, unreacted chemical precursors used therein (and 
the unWanted byproducts of the reaction) must be removed 
from the reactor chamber. Existing techniques for doing so 
include the so-called “pump” or “evacuation” method and 
the “purge” or “?oW” method. Of these, the purge or How 
procedures have become the method of choice for commer 
cial operation of ALD reactors because the ef?ciency of 
precursor removal by purge is improved over that provided 
by evacuation. See, e.g., M. Ritala and M. Leskela, “Depo 
sition and Processing” in Handbook of Thin Film Materials, 
H. S. NalWa (ed.), Vol. 1, Ch. 2 (2002). 

[0004] In the purge or How method, chemical molecular 
precursors are introduced separately into a reactor. Typi 
cally, each precursor exposure is folloWed by an inert gas 
purge to assist in the removal of the extra reactive precursor 
chemicals from the reactor just prior to the introduction of 
the next precursor. This sequence of steps may be repeated 
several times to provide for the complete formation of a 
desired material ?lm. The total time to carry out the series 
of sequential steps or “periods” of: exposure of precursor 
A, (ii) inert or neutral gas purge (for removal of unreacted 
precursor A), (iii) exposure of precursor B, and (iv) inert or 
neutral gas purge (for removal of unreacted precursor B), is 
called the “cycle time” (CT). The above 4 periods are called 
expose period of A, purge period of A, expose period of B, 
and purge period of B, respectively. The time period that 
consists of expose period of A and the folloWing purge 
period of Ais called half cycle A. Similarly, the time period 
that consists of expose period of B and the folloWing purge 
period of B is called half cycle B. 

[0005] To provide for greater Wafer throughput, it is a goal 
of semiconductor manufacturers to reduce the CT of ALD 
processes. Many pulse/purge times are reported in the lit 
erature and it is commonly found that the purge times are 
long relative to the exposure pulse times. This is particularly 
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true When very good ?lm uniformity over large area sub 
strates is desired. Thus, in the current state of the art, it is 
generally the purge component(s) of ALD cycles that pro 
vide(s) the limiting factors on the CT. Indeed, a typical case 
may utiliZe purge times 1.5-5 times longer than the exposure 
times. Note that this is true even in the case of plasma 
assisted ALD processes in Which only a single purge process 
is required. See, e.g., US. Pat. No. 6,200,893 of Sneh, 
assigned to the assignee of the present invention. 

[0006] To provide for the desired increase in Wafer 
throughput then, cycle time reductions, and in particular 
purge time reductions, are needed. One Way in Which this 
can be accomplished is to provide an increased ?oW for the 
purge gas. Providing the purge gas at a higher ?oW rate Will 
tend to minimiZe the time needed to complete the purge 
period. HoWever, given conventional ALD reactor designs 
(Which utiliZe constant purge gas ?oW rates and strive to 
maintain constant reactor chamber pressures using a doWn 
stream throttle valve), this Would tend to increase the 
required precursor exposure time. This is because the 
increased ?oW rate of the purge gas (Which is used as a 
neutral carrier during the exposure periods) Would tend to 
drive the chemical precursors out of the reactor chamber 
faster than Would otherWise be the case at a loWer purge gas 
?oW rate. Hence, a greater loss of chemical precursor for a 
unit time interval could be expected and so increased 
exposure times Would be necessary. 

[0007] To avoid this situation, a bi-level purge gas ?oW 
rate could be implemented. That is, during precursor expo 
sure a relatively loW purge gas ?oW rate could be used (to 
maximiZe precursor residence time Within the chamber) 
Whereas during the purge period a relatively high purge gas 
?oW rate could be used (to minimiZe the required purge 
time). The ?rst knoWn system to implement such a bi-level 
purge gas ?oW rate Was developed in 1998 by Steven Shatas 
for Modular Process Technology of San Jose, Calif. 
(“MPT”). Later, in 1999, Shatas and MPT (Working With one 
of its customers) combined the use of a bi-level purge gas 
?oW driven by a pair of mass ?oW controllers With a 
fast-sWitching throttle valve doWnstream from the reactor 
chamber to permit control of both ?oW rate and reactor 
pressure. This system alloWed operators to vary the resi 
dence time of the precursors during the ALD cycle, provid 
ing loW residence time during precursor removal and high 
residence time during exposure. 

[0008] More recently, a bi-level ?oW system using a purge 
bypass into a draW chamber (located doWnstream of the 
reactor chamber) during precursor exposure has been 
described by Sneh. See O. Sneh, WO 03/062490 A2, “ALD 
Apparatus and Method” (Jul. 31, 2003). In this so-called 
“synchronously modulated ?oW draW” (SMFD) process, a 
high ?oW rate through the reactor chamber is maintained 
during purge, but a loW ?oW rate is used during deposition. 
The loW ?oW rate is achieved by dumping a signi?cant 
portion of the purge gas into the doWnstream draW chamber 
via a reactor bypass conduit. Thus, only a portion of the 
purge gas ?oW ?nds its Way to the reactor chamber during 
the deposition sequence and so the chemical precursors are 
alloWed to remain therein for a suf?cient residence time. 

[0009] Both the Shatas and Sneh systems for providing bi 
or multi-level ?oWs suffer from de?ciencies. In the Shatas 
system, the dual purge source Was provided using mass ?oW 
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control components. These components are limited in their 
speed of response and also require ancillary ?oW (dumping) 
of the neutral purge gas during the period When the source 
is not injected into the reactor. This makes for relatively 
inef?cient use of purge gas. Similarly, in the Sneh SMFD 
device the purge source bypasses the reactor during eXpo 
sure, but the purge gas is alWays ?oWing at a high rate from 
its source. This tends to Waste purge gas. Hence, neW 
methods and apparatus for reducing the purge time While 
maintaining adequate precursor residence times are needed. 

SUMMARY OF THE INVENTION 

[0010] In one embodiment, the present invention provides 
for performing an eXpose period (Which may, in some cases, 
be a plasma-assisted period) of an ALD process using a ?rst 
purge How and a ?rst pumping capacity, and performing a 
purge period of the ALD process using a second purge ?oW 
greater than the ?rst purge How and a second pumping 
capacity greater than the ?rst pumping capacity. These 
procedures may be performed While maintaining the reactor 
chamber Within Which the ALD process is performed at a 
nominally constant pressure, for eXample through the opera 
tion of a throttle valve doWnstream from the reactor chamber 
such that the throttle valve is more open during the purge 
period than during the eXpose period. The ?rst purge How 
and the second purge How may, in some cases, utiliZe 
different gasses and/or may be provided through different 
?oW paths. 

[0011] In some cases, the second purge How and second 
pumping capacity may be initiated prior to termination of 
material deposition during the eXpose period. Alternatively, 
or in addition, the second purge How and second pumping 
capacity may be activated so as to break turbulence Within 
the reactor chamber (e.g., to help in the removal of precur 
sors). Also, a second expose period of the ALD process may 
be performed using a third purge How and a third pumping 
capacity different from the ?rst purge How and ?rst pumping 
capacity, respectively. In some cases, the third purge How 
may be an absence of a purge ?oW. 

[0012] In various embodiments, the ?rst purge How may 
be sWitched to the second purge ?oW: at a substantially 
coincident point in time as the ?rst pumping capacity is 
sWitched to the second pumping capacity, prior to comple 
tion of material deposition during the eXpose period, or at a 
different point in time than that at Which the ?rst pumping 
capacity is sWitched to the second pumping capacity. In 
some cases, the purge ?oWs may be sWitched by sWitching 
?rst ?oW limiting conductances located upstream of the 
reactor chamber out of a ?rst gas ?oW path thereto at a 
substantially coincident point in time as second ?oW limiting 
conductances located doWnstream of the reactor chamber 
are sWitched out of a second gas ?oW path from the reactor 
chamber. 

[0013] In still further embodiments, the present invention 
alloWs for performing, Within a half cycle, an eXpose period 
of an ALD process using a ?rst purge ?oW de?ned in part by 
a ?rst conductance of an annular gas ?oW pathWay Within 
the reactor chamber, and performing a purge period of the 
ALD process using a second purge ?oW greater than the ?rst 
purge ?oW, the second purge ?oW de?ned in part by a second 
conductance of the annular gas ?oW pathWay Within the 
reactor chamber. The pressure of the reactor chamber may 
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be maintained so as to be nominally constant during the 
eXpose and purge period, and in some cases, the ?rst purge 
How and the second purge How may utiliZe different gasses 
and/or be provided through different ?oW paths. 

[0014] Still further embodiments of the present invention 
provide for performing an expose period of an ALD process 
using a ?rst purge ?oW at a ?rst pressure, the ?rst purge ?oW 
passing through ?rst ?oW limiting conductances located 
Within a ?rst gas ?oW pathWay upstream of the reactor 
chamber and second ?oW limiting conductances located 
Within a second gas ?oW pathWay doWnstream of the reactor 
chamber, and performing a purge period of the ALD process 
using a second purge ?oW at a second pressure greater than 
the ?rst pressure, the second purge ?oW passing through 
third ?oW limiting conductances located Within the ?rst gas 
?oW pathWay and fourth ?oW limiting conductances located 
in the second gas ?oW pathWay, Wherein a ratio of the ?rst 
?oW limiting conductances to the second ?oW limiting 
conductances is equal to a ratio of the third ?oW limiting 
conductances to the fourth ?oW limiting conductances and a 
pressure of the reactor chamber is maintained nominally 
constant during the ALD process. 

[0015] Another embodiment provides an ALD system that 
includes a ?rst purge ?oW pathWay coupled upstream of a 
reactor; a second purge ?oW pathWay coupled upstream of 
the reactor; and a pumping arrangement coupled doWn 
stream of the reactor, and con?gured to be sWitched betWeen 
a ?rst pumping capacity When the ?rst purge ?oW pathWay 
is active and a second pumping capacity greater than the ?rst 
pumping capacity When the second purge ?oW pathWay is 
active. The ?rst and second purge ?oW pathWays may share 
a common gas ?oW manifold With one or more precursor 

injection pathWays, or at least one of the purge ?oW path 
Ways may be directly coupled to the reactor independently 
of the other. In some cases, the ?rst and second pumping 
capacities comprise tWo operational modes of a single 
physical pump. 

[0016] Additional embodiments of the present invention 
provide an ALD system having a purge ?oW pathWay 
coupled upstream of a reactor chamber through selectable 
upstream ?oW limiting conductances having tWo or more 
operational modes including a loW ?oW mode and a high 
?oW mode; and a pumping arrangement coupled doWn 
stream of the reactor through selectable doWnstream ?oW 
limiting conductances having tWo or more operational 
modes including a loW ?oW mode and a high ?oW mode, 
Wherein the upstream ?oW limiting conductances and doWn 
stream ?oW limiting conductances are con?gured to sWitch 
operational modes in time-phase With one another. The 
upstream ?oW limiting conductances may be con?gured to 
sWitch operational modes prior to the doWnstream ?oW 
limiting conductances sWitching operational modes. In some 
cases, the doWnstream ?oW limiting conductances include a 
throttle valve, Which may be an annular throttle valve 
located Within the reactor chamber. 

[0017] Still further embodiments of the present invention 
provide an ALD system that includes a gas delivery system 
coupled to a reactor chamber having disposed therein an 
annular throttle valve positioned Within a gas ?oW pathWay 
from the reactor chamber to a pumping system coupled 
doWnstream of the reactor chamber. The annular throttle 
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valve may have tWo or more operating modes, each con?g 
ured to provide a different ?oW path conductance from the 
reactor chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The present invention is illustrated by Way of 
example, and not limitation, in the ?gures of the accompa 
nying draWings in Which: 

[0019] FIG. 1 illustrates a conventional ALD processing 
apparatus having a split-?oW gas manifold. 

[0020] FIG. 2 illustrates conventional (idealized) baseline 
conditions for ALD reactor operation at constant pressure 
and ?oW. 

[0021] FIG. 3A is a graph that illustrates variations in 
ALD reactor ?oWs due to the introduction of chemical 
precursors. 

[0022] FIG. 3B is a graph illustrating the effects of 
chemical precursor introduction on ALD reactor pressures. 

[0023] FIG. 4 illustrates an ALD processing apparatus 
con?gured With a tWo-level purge source and dual pump 
capacity arrangement in accordance With an embodiment of 
the present invention. 

[0024] FIG. 5 illustrates the use of a direct-coupled purge 
?oW conduit in accordance With a further embodiment of the 
present invention. 

[0025] FIG. 6 illustrates an ALD apparatus con?gured to 
provide for multi-level purge ?oWs through the use of 
tracking conductances in accordance With yet another 
embodiment of the present invention. 

[0026] FIG. 7 illustrates an ALD apparatus con?gured for 
tracking conductance operation using a direct-coupled purge 
gas conduit in accordance With another embodiment of the 
present invention. 

[0027] FIG. 8 illustrates an ALD apparatus con?gured 
With an annular throttle valve in accordance With still 
another embodiment of the present inventions. 

[0028] FIG. 9 illustrates various examples of annular 
throttle valves for use in accordance With embodiments of 
the present invention. 

[0029] For ease of reference, reference numerals in the 
accompanying draWings typically are in the form “draWing 
number” folloWed by tWo digits, xx; for example, reference 
numerals on FIG. 4 may be numbered 4xx; on FIG. 5, 
reference numerals may be numbered 5xx, and so on. In 
certain cases, a reference numeral may be introduced on one 
draWing and the same reference numeral (With a different 
draWing number indicator) may be utiliZed on other draW 
ings to refer to the same item. 

DETAILED DESCRIPTION 

[0030] Described herein are methods and systems for 
cycle time improvements in ALD processes. In various 
embodiments, the present invention provides multi-level 
?oW sources using pressure controlled and/or passive con 
ductance components combined With a dual (or, more gen 
erally multiple) pump (or dual or multiple pump capacity) 
arrangement. Unlike the multi-level ?oW systems described 
above, in the present invention a high purge How does not 
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have to How during the exposure pulse, resulting in more 
economical operation With respect to consumables usage. 
Both loWer cost and better dynamic time-dependent perfor 
mance is obtained, in some embodiments, by the use of 
pressure controlled components instead of mass ?oW con 
trollers. Further, in some embodiments the use of an inde 
pendent, direct-coupled conduit for neutral gas ?oW, instead 
of a purge bypass, provides multi-level purge source capa 
bility Without the need for continual operation of a high 
purge ?oW. 

[0031] In addition to reduced consumables consumption, 
another bene?t afforded by the tWo or multiple level How 
purge operation of the present invention is better step 
coverage. To achieve better step coverage, higher exposure 
(de?ned as partial pressure multiplied by exposure time) is 
needed. By limiting the pumping rate and the dilution of the 
precursor, the present invention assures that more precursor 
molecules reach the extremes of high aspect ratio/high 
topology structures and/or the bottom of trenches in a given 
expose period. 

[0032] It should be remembered that the various embodi 
ments described herein are intended merely to illustrate 
systems and methods incorporating the present invention 
and are not to limit the overall scope of the invention. The 
principle of time-phased, multi-level How to vary residence 
time during ALD processes may described in terms of a 
method for varying ?oWs and also controlling pressure over 
the ALD cycle and there are many different Ways to imple 
ment the procedure. For example, in the case of no limiting 
constraints, such as operation at non-constant reactor cham 
ber pressure, an ideal sequence may be: 

[0033] i) Close by command (or move toWard the 
closed position) a doWnstream throttle valve during 
reactant exposure time. This alloWs the precursor to 
reside a sufficiently long enough time in the chamber 
to achieve substantially about or more than 99% 
completion of the saturating ALD half-reaction. 

[0034] ii) Remove the extra precursor as quickly as 
possible. This may be done by driving the purge gas 
?oW rate to higher values during the purge period by 
the sWitching action using an upstream higher-pres 
sure level source. 

[0035] Where, hoWever, the reactor chamber pressure is to 
be constrained at a nominally constant pressure, the present 
invention alloWs for the same by maintaining the throttle 
valve less open at loW ?oW rates during reactant exposure 
and more open at high ?oW rates during purge. Further, 
because an ALD half-reaction for a ?rst precursor (A) may 
be very different from that for a second precursor (B), the 
How rates during the A cycle and the B cycle may be 
different. To accommodate the need for varying exposure 
?oW rates due to different precursor requirements, the 
present invention provides for a “multi-value” or multi 
level” How rate, consisting of tWo or more How levels. 

[0036] In general then the present invention provides 
systems and methods that provide loW ?oW levels concur 
rently matched to loW pumping capacities during exposure 
times and high ?oW levels concurrently matched With higher 
pumping capacities during purge times. Other cycle time 
improvement techniques that are knoWn in the art, such as 
those due to chemical delivery assistance using ?oW con 
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trollers or pressure controlled methods (see, e.g., US. Pat. 
No. 6,503,330, assigned to the assignee of the present 
invention and incorporated herein by reference), or ALD 
precursors delivered from “charge tubes” (see, e.g., Gadgil 
et al., WO0079019) or pressuriZed precursor volumes may 
be used in conjunction With the present methods and appa 
ratus. 

[0037] Before describing embodiments of the present 
invention in detail it is helpful to present some background 
regarding state of the art ALD reactor design. This Will 
provide readers unfamiliar With the technology suf?cient 
basis to better appreciate the present invention. Thus, We 
refer ?rst to FIG. 1, Which shoWs an ALD processing system 
100 and is adapted from the above-cited U.S. Patent of the 
present assignee. 

[0038] ALD processing system 100 includes a split-?oW 
gas sWitching manifold 102, through Which a neutral purge 
gas (from source 104) and one or more chemical sources (or 
process gasses) 106 and 108 may be delivered to reactor 
chamber 110. Neutral carrier gases may or may not accom 
pany the chemical precursor. Within the chamber 110 is a 
heater assembly 112, upon Which rests a semiconductor 
Wafer 114. When both shut-off valves 116 and 118 are 
closed, and neutral purge gas ?oWs through the reactor 110, 
baseline purge How and pressure conditions are established. 
In general, the split-?oW manifold can include one or more 
inject conduits to the reactor 110; and system 100 is illus 
trated With a dual inject. 

[0039] Prior to precursor injection, the ?oWs and pressure 
in the reactor 110 are determined by: the upstream pressure 
setting at purge gas source 104, the pressure setting at the 
reactor chamber 110 and the operation of the doWnstream 
throttle valve 120. The throttle valve 120 is part of a closed 
loop, feedback control system 122, Which operates to keep 
the pressure in the reactor chamber constant (or nearly so) as 
the various chemical precursors are introduced into the 
reactor 110. Various “restrictors” and conduit conductance 
limitations as may be useful may be placed in the gas 
sWitching manifold 102 (e. g., in reactor purge pathWays 126 
and 124), but are not shoWn in detail. Where used such 
restrictors and conductances may also determine the quan 
titative pressure and How values. Overall though, the split 
?oW architecture provides a nominally constant gas pressure 
and (continuous) ?oW background for ALD operation, as 
illustrated in FIG. 2. 

[0040] Using a neutral carrier gas (that is distinct from the 
purge gas) precursor injections are carried out to move the 
precursor chemicals into the purge stream. That is, precur 
sors are introduced to the purge stream from their respective 
sources 106, 108 via valves 116 and 118, respectively. This 
is done alternately and sequentially in time. 

[0041] The condition for the injection into the purge 
stream at valve 116 (or 118) is established by the pressure 
value set just above the upstream position of valve 116 (or 
118) by controller 117 (119). This alloWs precursor injection 
or blending into the purge gas stream on either side of the 
manifold 102. At the input 128 to the chamber, the tWo 
precursor lines open beloW the entrance to the reactor 
(forming multi-injects). 
[0042] Once the ?oWs of the carrier With precursor join the 
baseline purge ?oW, the overall How in the reactor 110 Will 
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increase. If the carrier How is small relative to the purge, 
Which may be (and often is) the case, the increase in total 
How and increase in reactor pressure Will be small, but 
nevertheless observable, as shoWn in FIG. 3A. One reason 
for this pressure rise above the baseline value may be that 
the response time of the throttle valve 120 is long compared 
With that of the injection valves 116, 118. That is, the inertia 
of the throttle valve 120 may lead to ?uctuations in the 
reactor pressure during the purge period. Typical response 
times for injection valves 116 and 118 may be on the order 
of 20-30 msec, Whereas response times of a typical doWn 
stream throttle valve 120 may be on the order of 500-1000 
msec (though throttle valves having response times of less 
than 100 msec have recently become available). Thus, the 
pressure in the reactor 110 may rise in coincidence With the 
increased ?oW. 

[0043] In fact, the pressure in the reactor 110 may change 
and ?uctuate above and beloW that of the baseline ?oW level 
both during and after the period of the exposure pulse as 
shoWn in FIG. 3B. Typically, the total reactor pressure is 
maintained during the middle and toWards the end of the 
purge half-cycle, Where the precursor’s partial pressure is 
loW enough to start the other precursor injection, because the 
throttle valve 120 and its closed-loop control system 122 
have corrected to reestablish the desired reactor pressure. A 
Well-designed system Will exhibit a smooth decay of pres 
sure vs. time. 

[0044] Having thus described a state of the art ALD 
processing system, We turn noW to a discussion of the 
present invention. As indicated above, the present invention 
makes use of a time-phased, multi-level How to vary pre 
cursor residence time during ALD processes. Residence 
time is de?ned as the time it takes for a molecule of a 
reactant gas to move through a space (e.g., the reactor 
chamber) With a certain volume. If the pressure of the 
reactant gas is p, the volume of the space is V, and the How 
rate is F, then the residence time r.t. is given by r.t. =pV/F. 
For example, if p=200 mTorr (0.2/760 Atm), V=1000 cm3, 
F=200 sccm (3.33 cm3/sec), then r.t. =0.079 sec=79 msec. 
Alternatively, or in addition, residence time may be 
expressed in terms of the reactor volume (V) and the 
effective pumping speed (S) at the ori?ce Where the precur 
sor is removed from that volume: r.t. ~V/S. 

[0045] During reactant exposure times (a.k.a. pulse times, 
Which, historically, have been of the order of or greater than 
a feW hundred msec), it is desirable to have long residence 
time (e.g., to conformally coat high aspect ratio devices). 
Since the reactor chamber volume and pressure are rela 
tively constant, and the residence time is inversely propor 
tional to the How rate, in order to achieve longer residence 
time, loWer ?oW rate is necessary. HoWever, long residence 
time is not desirable during the reactant removal time (purge 
time) because a longer residence time means a longer purge 
time. In order to achieve shorter residence time, higher ?oW 
rate is necessary. Therefore, there is a con?ict betWeen the 
needs of reactant exposure and reactant removal. 

[0046] The present invention’s use of a time-phased, 
multi-level ?oW overcomes this con?ict by using different 
purge ?oW rates so that residence time of reactant molecules 
can be optimiZed in different periods of an ALD cycle. By 
doing so the overall ALD cycle time is reduced (over that 
required by conventional systems), alloWing for greater 
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Wafer throughput. Importantly, the present invention 
achieves this advantage While at the same time not requiring 
the use of a continual, high ?oW purge Which tends to be 
wasteful. Indeed, if the purge How were simply increased 
over the entire ALD cycle, then the precursor Would be 
driven out of the reactor chamber too fast during the 
eXposure times and this adversely increases the eXposure 
time. By using a relatively loW ?oW rate during precursor 
eXposure the present invention may, in some embodiments, 
actually alloW for shortening the pulse time further helping 
to decrease the overall ALD cycle time. 

[0047] In addition to using time-phased, multi-level ?oW, 
some embodiments of the present invention utiliZe different 
purge gasses during the different ALD half-cycles. That is, 
a different purge gas may be used during the purge period 
than is used during the eXposure period. To understand the 
rationale for this use of different purge gasses, consider the 
folloWing. The collision theory of hard sphere may be used 
to estimate the number of collisions per unit volume per unit 
time for the purge gas “P” on the precursor “A” or “B.” See, 
e.g., K. J. Laidler, Chemical Kinetics, pp. 81-87 (1987). For 
tWo unlike molecules, the collision rate is: 

[0048] Here Np is the concentration of purge gas, N A the 
concentration of precursor gas “A” and m* is the effective 
mass (m Amp/m A+mp) of the purge and precursor molecules. 
This indicates that a higher concentration of purge gas 
density increases the collision rate and increases the forWard 
momentum for removing the precursor gas. Although the 
collision rate is higher as the effective mass is loWered by 
1/\/m*, the transferred momentum to the precursor gas is 
linear in the mass of the neutral purge gas molecule, so the 
choice of purge gases favors heavier masses by the square 
root of m*. In this respect, Ar With atomic mass 40 may be 
more favorable than N2 With atomic mass 28. Thus, in some 
embodiments of the present invention Ar is used during the 
purge period, While N2 may be used as an independent 
control gas during the eXposure period to loWer gas usage 
costs. 

[0049] Finally, embodiments of the present invention pro 
vide for maintaining the reactor pressure nominally con 
stant. Such a condition is desirable during ALD (and CVD) 
processes because it helps to keep particle contamination 
Within the reactor chamber to a minimum. To understand 
Why this is so, consider that all chemical deposition tech 
niques are accompanied by parasitic deposition on the Walls 
and surfaces of the reactor. After a certain total thickness and 
accumulation, the deposits ?ake off due to stress effects and 
provide secondary, macro-particle contamination. These 
particles may be up to microns in siZe (distinguishing them 
from much smaller, sub-micron siZed particles caused by gas 
phase nucleation). Large variations in pressure Within the 
reactor can result in the premature ?aking off of these 
particles, a situation that aggravates the maintenance of the 
deposition reactor. Although there is no Well-de?ned range 
over Which reactor pressure must controlled in CVD or ALD 
processes, an empirically de?ned range of operational pres 
sures acceptable for ?lm deposition suggests a “substantially 
constant pressure” of approximately 1-3 times the baseline 
operating pressure may be suitable, but variations of pres 
sure greater than ?ve times the baseline pressure may be 
unsuitable (though in some cases such operation may be 
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desirable to break turbulence that helps to eliminate precur 
sors that may have become trapped in the reactor chamber). 

[0050] In one embodiment of the present invention then, 
an ALD reactor is controlled at a nominally constant pres 
sure using a closed loop feedback controlled, or a command 
controlled open loop doWnstream throttle valve. By main 
taining an acceptable, substantially constant pressure for the 
reactor, secondary, macro-particle contamination is mini 
miZed. If the How rate of the purge gas is rapidly reduced to 
a loW value, the throttle valve Will move (at least initially) 
to a more closed position, Which results in a longer residence 
time for the precursor in the reaction chamber. This is 
desirable during the pulse time, but undesirable during the 
purge time. Consequently, the present invention incorporates 
a bi- or multi-level purge ?oW capability in addition to the 
throttle valve. If tWo purge ?oW levels (loW and high) are 
used, the loW purge How is used during the eXposure pulse 
(alloWing for a relative increase the precursor eXposure and 
increased chemisorption and chemical utiliZation in a given 
time) and the high purge How is used during the purge (to 
reduce residence time of the residual precursor), providing 
an advantageous situation for both the eXposure and purge 
half-cycles. 

[0051] More generally, the present invention provides 
several alternative embodiments for the operation of time 
phased, multi-level ?oW ALD processes. One such 
method includes the use of tWo or more doWnstream pumps 

(or pump capacities if a single pump is used), sWitched 
substantially in time-phase With tWo or more upstream purge 
?oWs (e.g., betWeen loW and high levels). This method may 
be used in either of tWo modes: mode I, Without the second 
pump (pump capacity) to alloW longer residence time during 
a loWer ?oW level purge; or mode II, With the second pump 
(or pump capacity) sWitched on during the higher ?oW level 
purge. The pressure can be maintained nominally constant if 
the higher-level How is matched to the pumping capacity of 
the combined pumps (or higher pumping capacity if a single 
pump is used). 

[0052] In a second method, the purge How is controlled by 
sWitching upstream, ?oW-limiting conductances (e.g., from 
a loW to a high value for loW and high ?oW, respectively) in 
time-phase With doWnstream conductances (e. g., from a loW 
to a high level for loW and high ?oW, respectively). This 
method is referred to herein as “tracking conductance(s)” in 
the system. This approach provides not only the ability to 
keep the pressure of the reactor nominally constant (as long 
as the fraction of upstream and doWnstream conductances 
are the same at any point in time during the sWitching cycle), 
but also alloWs for a Wide dynamic range of purge ?oWs. The 
upstream sWitching conductances may be placed in a variety 
of con?gurations: for eXample, in series With or imbedded 
Within a split-?oW chemical manifold, or in parallel With the 
chemical delivery manifold lines. The doWnstream sWitch 
ing conductances may also be placed in a variety of posi 
tions: for example, in the locale of the ?rst doWnstream 
constriction just doWnstream from the reaction Zone, or 
integrated as part of the doWnstream throttle valve (Which in 
this case is controlled independently so as to assume 
designed positions or openings and is not used in a closed 
loop control mode). 

[0053] In a third method, a separate purge gas control line 
(Which may also be called a direct-coupled conduit or DCC) 
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independent of the chemical sourcing in the split-?oW 
manifold, is fed into the reactor pump stack either above the 
throttle valve or beloW the throttle valve, or into the ?rst 
constriction leading from the reaction space. Using this path 
an independent control gas ?oW level may be set With an 
independent pressure regulator. The source may be an inde 
pendent gas type (e.g., N2 or He) relative to that used as the 
main ALD reactor purge (e.g., This independent purge 
gas control line may also be asynchronously timed relative 
to the period of the end of the exposure pulse (ahead of the 
period of the desired action), providing ?exibility for opti 
miZing the multi-level ?oWs. The independent higher tem 
perature control of this line also provides better purge 
capability Without promoting the decomposition of precur 
sors With loW decomposition temperatures. 

[0054] Generally, the DCC may either pass parallel to the 
split-?oW manifold, or be part of an ALD system that has all 
its sources directly coupled to the reactor. Thus, the multi 
level ?oW purge gas may pass in parallel to the chemical 
sourcing or serially through it. To demonstrate the idea, a 
second neutral-purge conduit line can be added to the 
apparatus With appropriate fast gas sWitching valve arrange 
ments. A residual gas analyZer may be used to detect hoW 
precursor concentrations change. If the valves that control 
the purge lines are quite far aWay from the chamber, the 
response time may be unfavorably long (e.g., a couple of 
seconds). To minimiZe this problem valves may be placed 
suitably close to the chamber and/or larger diameter purge 
lines may be used betWeen the upstream pressure sources 
and the chamber. All the controlling valves may be inte 
grated into a common hub or block, ensuring minimal 
response time, as may be knoWn in the art. 

[0055] To achieve the multi-level purge methods 
described above, an ALD apparatus 400 having a second 
purge conduit that is introduced upstream of the chemical 
gas sWitching manifold and in parallel With the ?rst purge 
conduit is provided. This arrangement (Which may be 
termed a dual ?oW purge manifold 403) is illustrated in FIG. 
4. Both purge sources may be pressure controlled (e.g., using 
pressure controllers 409 and 411) With set points of pressure 
that can be Widely different. Given the current state of the 
art, the pressure controllers 409 and 411 cannot be fast gas 
sWitched beloW several hundred milliseconds (hoWever, 
future pressure controllers may alloW for direct, fast elec 
tronic control). We avoid this shortcoming by passing the 
pressuriZed gas through fast sWitching pneumatic valves 
(With conductances determined by the conduit lines, elboWs, 
valve and any restrictor components in the lines betWeen the 
pressure sources 409/411 doWn to and including the entrance 
428 to the reactor 410). This implementation has each purge 
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conduit leading to sWitching valves 405 and 407. These 
valves may be as fast (e.g., on the order of 20 msec) as are 
used for precursor injection valves 416 and 418. 

[0056] Within the dual ?oW purge manifold 403, valve 
405 may be con?gured to actuate beloW a relatively loW 
pressure suitable for use during the exposure pulse. Valve 
407, on the other hand, may be con?gured to actuate beloW 
a relatively high pressure, suitable for use during the purge 
period. The precise timing for these valves to be sWitched on 
and off may be in a range of times around 10-30 msec. The 
turn-on and turn-off times may not need to be nor Want to be 
coincident With the turn-on and turn-off times of the expo 
sure pulses. This alloWs for reliable softWare control for 
optimiZing and minimiZing the time betWeen actual sWitcho 
ver betWeen the exposure and purge ?oWs Within the reactor 
chamber 410. This is discussed further beloW, in developing 
the concept of optimal time-phased, multi-level ?oW using 
asynchronous ?oW concepts. 

[0057] The ALD apparatus 400 also has provision for a 
second pump 432 placed at a doWnstream location along 
With the ?rst system pump 430. Pump 432 can be sWitched 
into operation by opening valve 434 at a time substantially 
coincident With the turn-on of the upstream, higher-pressure 
valve 407. The tWo pumps described here can be tWo 
physical pumps or tWo fractions of the pumping capacity of 
a single physical pump. The latter is referred to as virtual 
pump. If the conductance of valve 434 is appropriately 
selected the result can be the maintenance of nominally 
constant pressure during the entire ALD cycle. 

[0058] Operation With this tWo level ALD purge apparatus 
400 may be carried out advantageously in many modes, 
some of Which are illustrated in the folloWing tables. The 
time elements re?ected in the tables represent either a 
particular period, TX, or a particular instant, tX, in time. 
Graphical illustrations of these time periods and instances 
are re?ected in FIG. 3B, hoWever, the illustration of reactor 
pressure in the ?gure is not necessarily meant to correspond 
to the operational conditions re?ected in the tables. 

[0059] Operation Mode I: non-constant pressure. In this 
mode of operation (illustrated in Table 1), the doWnstream 
throttle valve 420 may be set at a ?xed position: e.g., at a 
position corresponding to a desired reactor baseline pres 
sure, or may be ?xed as fully open (0). The sWitching on of 
the upstream higher-level pressure through valve 407 may 
result in excursions of pressure in the reactor chamber 410 
in the time frame of the pulse-purge operations. In this mode 
pump 432 is not used and valve 434 is closed 

TABLE 1 

Operation at Non-constant Pressure 

Time: 

T1 t2 T3 t4 T5 ts T7 ts T9 (T1) t10 02) 

Function: 

Purge B Expose A Purge A Expose B Purge B 

Valve 416 c o o c c c c c c 0 

Valve 405 c or o o o c c or o o o c c or o o 
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TABLE l-continued 
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Operation at Non-constant Pressure 

Time: 

T1 t2 T3 t4 T5 t6 T7 t8 T9 (T1) t1D Function: 

Purge B Expose A Purge A Expose B Purge B 

Valve 418 c c c c c o o c c 

Valve 407 o c c o o c c o c 

Valve 434 c c c c c c c c c 

[0060] Operation Mode II: nominally constant pressure. 
Here, the downstream throttle valve 420 may be set to a 
?xed position: e.g., at a position corresponding to a desired 
reactor baseline pressure, or may be ?xed as fully open. As 
illustrated in Table 2, the switching on of upstream, higher 
level pressures through valve 407 and the action of the 
downstream throttle valve 420 for switching into pump 432 
via valve 434 may ensure that a correction towards or to the 
baseline reactor chamber pressure occurs in the time frame 
of the pulse-purge operations. 

TABLE 2 

and parallel to the chemical switching manifold 402. In this 
case the independent purge source (which may include 
multiple purge ?ows) may be either the high or low ?ow, the 
other being the purge taken from the chemical switching 
manifold 402. 

[0064] With reference to the direct-coupled conduit 
(DCC) method described above, one embodiment of an 
ALD apparatus 500 implementing such a conduit is shown 
in FIG. 5. Here, the conduit 536 runs in parallel to bypass 

Operation at Nominally Constant Pressure 

Time: 

T1 t2 T3 t4 T5 t6 T7 ts T9 (T1) t1o 02) 
Function: 

Purge B Expose A Purge A Expose B Purge B 

Valve 416 c o o c c c c c 0 

Valve 405 c or o o o c c or o o o c c or o 0 

Valve 418 c c c c c o o c c 

Valve 407 o c c o o c c o c 

Valve 434 o c c o o c c o c 

[0061] Additional con?guration variations or combina 
tions for different operational modes can, of course, be used. 
One such con?guration would be the passage of inert purge 
gas directly to the reactor (using an appropriate timing 
sequence) and run in parallel to by-pass the precursor 
switching manifold 402. The How of the additional purge 
gas can be increased during the purge step to provide for 
increase in the total How and thus decrease the purge time. 
This gas can be delivered through a specially designed gas 
manifold for optimal purge ef?ciency. 

[0062] Variants on the design illustrated in FIG. 4 include 
an ALD apparatus having a pump and connecting valve (in 
place of or in addition to pump 432 and valve 434) that are 
connected to the pump stack above the throttle valve 420. 
Such an arrangement may permit more efficient pumping. 
The valve may be a parallel array of large diameter pneu 
matic switching valves, or a fast switching (e.g., on the order 
of or less than 100 msec) throttle valve. 

[0063] Another variant includes a high ?ow purge source 
that is directly and independently connected to the rector 
410. This high ?ow purge source would be independent of 

the split-?ow manifold 502 in a manner that allows purge 
switching by valve 538. This high ?ow purge line is inde 
pendent of the main purge line through the chemical switch 
ing manifold, which can be one or both of lines from 
pressure sources 509 and 511. Such an independent line may 
be used to limit the pumping speed during the exposure 
downstream to affect the effective pumping speed of the 
pump in the reactor Zone. The high How is driven by 
pressure controller 540 and actuated by valve 538 during the 
purge. The precursor chemicals may be injected with or 
without carrier gas and also with or without neutral gas from 
the purge, if valves 516 and 518 are closed during the 
exposure part of the cycle. 

[0065] In alternative embodiments, a DCC may be run 
from the downstream side of valve 507 (or 505) directly to 
the reactor 510, bypassing (or not bypassing) the split-?ow 
route. Or, where a non-split-?ow manifold is used, indepen 
dent precursor conduits may feed the ALD reactor and a 
DCC may be run in parallel therewith. In such a case, the 
DCC purge may be differentiated from the other lines 
feeding the reactor chamber by virtue of it containing only 
a high level of neutral gas ?ow during the purge periods, 
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and/or by its relatively large conductance to promote purg 
ing of the reactor chamber relative to the precursor feed 
lines. 

[0066] In still another embodiment, the DCC itself may be 
modi?ed to permit tWo- or multi-level ?oW control (e.g., by 
replacing pressure controller 540 and valve 538 With a split 
or multi-source manifold). In such an embodiment, a loWer 
?oW level via the DCC 536 may be used during exposure 
and a higher one during purge. In this con?guration, either 
or both chemical precursors may be run Without neutral gas 
dilution. 

[0067] Another embodiment, shoWn in FIG. 6, may be 
used to implement the tracking conductances approach 
referred to above. In ALD apparatus 600, the upstream purge 
pressure is common and ?xed, using pressure controller 642. 
By sWitching (e.g., via valves 644 and 646) the upstream 
?oW through tWo different limiting conductances (e.g., 
metering valves) 648 and 650, having loW and high con 
ductance values, respectively, the overall purge ?oW (loW or 
high, respectively) may be set. The loW and high ?oWs are 
substantially sWitched in time phase With the doWnstream 
conductances from a loW to a high level (for loW and high 
?oW, respectively). This approach provides the ability to 
keep the pressure of the reactor nominally constant as long 
as the fraction of upstream and doWnstream conductances 
are the same at any point during the sWitching cycle. 
Certainly this Will be the case at the steady state set points 
of the exposure and purge periods. This solution provides 
both a Wide dynamic range of purge ?oWs as Well as a design 
constrained to operate at nominally constant pressure. 

[0068] The reactor pressure for a reactor of very large 
conductance (compared With the conductances in line from 
source 642) placed in series betWeen an upstream ?oW 
limiting conductance and doWnstream ?oW limiting conduc 
tance can be approximated by an expression for the chamber 
pressure: 

Pch,m~“P><[(1/“C)/(1/“C+1/“C)] (1), 
[0069] Where uP is the upstream pressure that may be set 
With a pressure controller, and dC and DC are the doWnstream 
and upstream conductances, respectively. The reciprocal 
conductances are proportional to the How impedance, so at 
any constant How the chamber pressure is just the ratio of 
pressure drop across the doWnstream impedance to the total 
impedance. 
[0070] This model is used to Write Eq. 1, and is analogous 
to that provided by an electrical circuit, With constant supply 
voltage Vs (analogous to the upstream pressure), and 
upstream series resistance, Ru (analogous to the upstream 
reciprocal conductance) and node voltage beloW Ru (analo 
gous to the chamber pressure), a doWnstream resistance 
(analogous to the doWnstream reciprocal conductance) and 
a ground (analogous to the doWnstream pump). In this linear 
equivalent circuit, the node voltage is given by: 

Vs><[Rd/(Rd+Ru)]. 
[0071] A key difference in the gas stream case is that the 
conductance elements may not be operating in a linear range 
With respect to their dependence on pressure. Nevertheless, 
regardless of the functional form of the pressure drop across 
the conductances, such a proportionality can be used. 

[0072] The upstream pressure is typically approximately 
several 10s to 100 Torr and the chamber pressure is approxi 
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mately 100 mTorr to 1 Torr. Thus the typical impedance 
ratio, doWnstream to total, is a factor of 10-100. ALD 
apparatus con?gured in accordance With the present inven 
tion typically provide ?oW rates for ratios in a range of up 
to approximately 100, though in some cases higher ratio 
values may exist because doWnstream impedance may be 
mainly determined by the position of the throttle valve 
(minimum) and pump capacity (maximum). 

[0073] Considering the typical case then, the total imped 
ance to How must be able to be changed by a factor of 
approximately 100 or more. If the value of dC at its loWest 
value is approximately 10 l/s (doWnstream throttle valve 
near closed), the corresponding value of uC may be set by 
design to be approximately 0.5 l/s, providing a pressure drop 
of 21:1, but the How is small and limited by the upstream 
restricting conductance. If the upstream pressure is 10 Torr, 
the chamber pressure Will be 10/21 or approximately 500 
mTorr and the How is 10><0.5 Torr Us. This represents the 
condition of the How and pressures When the How is in a loW 
state. 

[0074] If the value of dC at its highest value is approxi 
mately 1000 Us (doWnstream throttle valve near open), the 
corresponding value of uC may be judiciously set by design 
to be approximately 50 l/s, again providing a pressure drop 
of 21:1, and the How is noW large and limited by the 
upstream restricting conductance. If the upstream pressure is 
10 Torr, the chamber pressure Will again be 10/21 or 
approximately 500 mTorr and the How is 10x50 Torr Us. 
This represents the condition of the How and pressures When 
the How is in a high state, Which is 100 times the loW state 
?oW. 

[0075] This example can be favorably generaliZed so that 
the pressure in the chamber remains nominally constant at 
all times in the ALD cycle. This can be done if the upstream 
and doWnstream conductances have factional values of their 
full range, Which is alWays the same fraction: 

[0076] Where df and uf are the fraction of the range of 
conductance of the doWnstream and upstream conductances, 
respectively. If the ratio of df to uf (call it f) is alWays the 
same at any point in time and a common fraction f of the 
range of the conductance of the doWnstream and upstream 
valves or restrictors, the f values cancel in the expression 
and the pressure is canonically constant, P ~uP><[(1/dC)/ 
(1/dC+f/“C)]. 
[0077] As illustrated in FIG. 7, the tracking conductances 
approach can be implemented using a DCC 736. The DCC 
gas pressure level may be set With an independent pressure 
regulator 742 and the source may be an independent gas type 
(e.g., N2 or He) relative to that used as the main ALD reactor 
purge (e.g., Ar) from source 752. The tracking conductances 
748 and 750 may be set for loW (exposure) and high (purge) 
?oW, respectively. The sWitching valves, 744 and 746, may 
be set for loW and high ?oWs substantially coincident With 
the setting of the doWnstream conductance of the throttle 
valve 720 to achieve nominally constant pressure during 
exposure and purge. 

charn 

[0078] The matching of the ratio of upstream and doWn 
stream conductances (tracking conductances) is designed to 
achieve a loW ?oW during the exposure, corresponding to 
high residence times, and a high ?oW during precursor 



US 2005/0016956 A1 

removal or purge, for loW residence times. By maintaining 
constant (or nearly so) the ratio of the conductances, sub 
stantially constant pressure in the reactor is achieved. An 
alternative method to achieve constant pressure, but still 
With different ?oWs, is to use independent, directly coupled 
conduit lines. A?rst gas line may inject a purge ?oW at level 
“Fp” directly into the reaction space, and a second indepen 
dent (separate) line directly coupled doWnstream from the 
reaction space may provide an appropriate ?oW level “Fe” to 
the pump. The upstream and doWnstream ?oW values are 
selected so as to provide for nominally constant pressure 
(e.g., Within a range of +/—50% of an average) to be achieved 
in the reactor during the periods of purge and exposure. In 
the case Where small ?oW limiting conductances exist 
betWeen the doWnstream injection position and the reaction 
space, the ?oWs may be substantially the same. The 
upstream purge may be selected to enhance entrainment of 
the precursor reactant for its removal. For example, Ar 
(having a relatively heavy mass) may be used to maximize 
the entrainment during purge. Heavier neutral gases (Kr, Xe, 
etc.), although more ef?cient as entrainment gases, are likely 
too expensive to use in commercial reactors. The doWn 
stream purge may be selected to reduce cost as it is not active 

during the purge, and N2 is the gas of choice (He being more 
expensive that N2). 

[0079] Another alternative is to route the independent gas 
control line to provide a How to the pump 730 that reduces 
the effective pumping speed on the reaction chamber 710 
during the exposure time, thus increasing the residence time 
of precursors therein. In such an apparatus, the DCC line 736 
Would be routed to the Zone betWeen the throttle valve 720 
and the pump 730, rather than to the reactor 710. 

[0080] In one embodiment, ALD apparatus 700 may alloW 
for a multi-level ?oW source having an upstream regulated 
inlet pressure of 35 Torr, leading into a split-?oW manifold. 
The split-?oW manifold may have a loW ?oW branch set at 
10 sccm as determined by a metered needle valve (e.g., type 
SSVR4) With a Cv of 0.005-003 and high ?oW branch set 
at 1000 sccm as determined by a metered valve (e.g., type 
SS-4BMRC-VCR) With a Cv of 0.05 to 0.3. The loW ?oW 
branch may have a fast sWitching pneumatic valve (e.g., type 
Veri?o 955AOLP, Cv=0.55) positioned upstream of the 
needle valve. The purge ?oWs may be input to the reaction 
Zone (Which may be at 200 mTorr) of the reactor indepen 
dently of the A and B chemical supply ?oW line(s). Speci? 
cally, the purge ?oWs may pass through a gas distribution 
module Which has a How coef?cient (Cv) of more than 70 
and Which does not result in signi?cant pressure drop, and 
from there through a perimeter ori?ce annulus (Which has a 
Cv of more than 150) beyond the Wafer perimeter to the 
loWer part of the reactor vessel. From the reactor vessel the 
gas path may be to and through a restriction set by a fast 
sWitching pressure control throttle valve (e.g., type VAT 61 
With a 4“ throat), leading to a 6“ diameter foreline to a rough 
pump (e.g., type BOC EdWards iH1800) that can maintain 
gas ?oWs Well above 2000 sccm With a reactor pressure of 
200 mTorr. The controllable conductance range for the 
throttle valve is 1 to 1400 Us. For such a system, a How of 
100 sccm at a reactor pressure of 200 mTorr Will require a 
conductance of 6.3 Us and a How of 1000 sccm Will require 
a conductance of 63 l/s, both Well Within the range of the 
throttle valve. 
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[0081] The independent purge line provides the ?exibility 
to optimiZe the minimiZation of exposure time. If the DCC 
sWitching is started ahead of the actuation of the exposure 
time by a time, dt, the effective pumping capacity at the 
point of the exit ori?ce to the reaction volume can be 
time-phased to be coincident With the arrival of precursor 
into the reaction volume. In this Way, the delay of the 
reduced pumping speed arriving at the reaction chamber is 
matched With the arrival of the precursor through the 
upstream sWitching manifold. dt is given by the residence 
time of the precursor gas betWeen the injecting valve and the 
reaction chamber and includes the conductances of connect 
ing lines, ori?ces and distribution module (e.g., shoWerhead 
components). We refer to this method as asynchronous 
timing (AT) for optimiZing the edges of the expose and 
removal periods in the cycle time. AT can be applied With 
any of the methods or apparatus of the present invention 
described herein. 

[0082] In still another embodiment, the tracking conduc 
tance approach may be implemented using an annular 
throttle valve (ATV) 854, as illustrated for the ALD appa 
ratus 800 shoWn in FIG. 8. ATV 854 is used to adjust the 
conductance of an annular gas ?oW pathWay in the reactor 
810 so that the gas ?oW rate through the reactor can be 
adjusted. Recall that the residence time (r.t.) of a molecule 
in a space With volume V and How rate F is given by 
r.t.=pV/F. When ATV 854 is open, it provides high conduc 
tance (i.e., high ?oW rate). Therefore the residence time of 
the reactant molecules is short. When an ATV 854 is closed, 
it provides loW conductance (i.e., loW ?oW rate). Therefore 
the residence time of the reactant molecules is long. Thus, by 
adjusting the ATV (e.g., betWeen a fully open position and 
a fully closed position, or any positions therebetWeen) the 
residence time or the precursors can be adjusted according 
to different needs in exposure time and removal time. 

[0083] This approach places a fast sWitching (e.g., less 
than or the order of 100 msec), limiting conductance as close 
to the reaction space as possible. This provides the advan 
tage of sharp residence time control, With minimal precursor 
back?oW. That is, little or no precursor Will ?oW through the 
loW conductance state of the ATV and the effect on residence 
time Will be felt With minimum delay. 

[0084] The ATV 854 of the present invention is a throttle 
valve that adjusts the conductance of a conduit With annular 
cross section. An ATV’s conductance can be adjusted (e.g., 
opened, closed or moved to a position therebetWeen if more 
than just discrete modes are provided) electrically, magneti 
cally, mechanically, pneumatically or by another method. An 
ATV can be adapted to any convenient opening/closing 
con?guration, and several examples of such con?gurations 
are shoWn in FIG. 9. Each of these ATVs is designed to 
provide varying conductances through an opening 958 hav 
ing an annular cross-section. 

[0085] In a ?rst example, a Wedge-shaped vane ATV 960 
provides a means of continuous conductance adjustment. 
This ATV has multiple Wedge-shaped vanes 962, each of 
Which can rotate about its axis 964 (Which in the illustration 
lies in the plane of the page). When the plane of a vane is 
parallel to the plane of the Wafer holder (susceptor), the vane 
is in its fully closed position. When all of the vanes (Which 
may be independently controlled) are in this position, the 
ATV 960 is in its fully closed position and the conductance 








