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Abstract:

Segmented CVD reactor designs enabling spatial control of acrossw afer gas phase
com position were evaluated for depositihg graded films suiable for combinatorial
studies. Specifically two rwactor designs wer oconstucted and evaluated wih
experin ents and regponse surface model RSM ) based analysis to quantfy the reactor
perfomance n tem s of filn thickness unifom iy, sensitivity t© adjus@ble ractor
operating conditions, range of thickness over w hich uniform ity could be achieved and
each reactor’s ability to contxol the thickness gradient across the w afer surface. D esion
features distinguishing the two reactor system s and their imfluence on gradient control
versus deposition rate perform ance are summarzed. RS models rlating wafer sate
properties to process recipes are shown to be effective tools t© quantfy, qualify and
com pare different reactordesigns.

I.Introduction

The sem iconductor industyy constantly Innovates and in proves process and tool designs
I an effort to keep up with M ocore’s Law . Chem ical vapor deposition (CVD) tols are
prevalent n every sem iconductor fabrication facility as an efficientm ethod fordepositng
nonvolatile solid films wih good filn confomm ality. However, conventional CVD

system s are designed for a nanow range of operating conditions and do not offerm uch
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flexioility for in proving process recipes and optim izing process developm ent cycles for
new m aterials. A Iso, m ost degigns do not allow for controlling precursor concentration
gradients over a wafer surface during a deposition nmn allow g for com bhatorial
There are relatively few exam ples of chem ical vapordeposition reactor system s designed
wih combmatorial capabilides. Those that do exist, however, all
demonstate the capabiliy t© produce filns wih gmded propertes over a
pordon of the substate surface. For example, the CVD mactor design of
Gladfelter [1-2] features three feed tibes In a tdangular anangem ent acrwoss the
substrate; a different shglesoure precursor i fed thwugh each tube,
generating com positional soreads of three metal dioxides over the substate. Tn
W ang RB-5], thickness graded films of hydrwgenated silicon were deposited In a
hotwire CVD system featiring a mask and motorized shutter; contirol of the
shutter spead was used © create srips of gaded filns over the substate.
Fhnally, n Taylor and Semanck [6], m icrohotplate devices were used t© control
the emperature In an amay of m icro-scale substate samples; it was found that
Emperturer gredients o the micwhotplate supports msulled I a
m icrostucturally graded film on the support legs.

Earlierw otk [7-9] by the authors of this study describes the prelim nary constuction and
testing of a spatially programm able chem ical vapor deposition (SP-CVD) system that
was developed at the University of M aryland. The origmal SP-CVD reactor design
henceforth denoted as design A ), construction, operation and prelin nary evaluation
experin ents are described In the cited references. Figure 1 depicts a schem atic diagram of
design A com prising the mdividually controllable segm ented show ethead w ith segm ents
S1, 82 and S3 amanged over the wafer surface. For this and the previous studies, we
consider blanket tingsten by H», reduction of W Fs as the m odel deposition system ; the
overall deposition reaction is:

WF: @ +3H, @>W 5+ 6HF Q).

The results from the earlier work cited dem onstrated for the first tine the SP-CVD

system ‘s ability to be reprogramm ed, effectively reconfiguring the reactor solely n
softw are betw een deposition mns to ntentionally nduce spatially non-uniform thickness
deposition pattems on a single w afer. h [1], a relatively sin ple lnearm odelw as used to
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rlate average filn thickness under each of the segm ents to the feed gas recipe of each
segm ent. B ecause thism odel did not acoount for segm ent to segm ent Interactions, am ore
accurate m odeling approach is developed in this paper to enable m odeling of those
Interactions. The purmpose of this paper is t© dem onstrate the use of Regponse Surface
M odels RS models) to predictfiln thickness response over the entire w aferto adjusable
process param eters enabling control t© a gpecified thickness spatial fimction, such as a
Iinear thickness gradient across a patch of w afer surface. This m odel is used to quantify
the reactor’s perfom ance and exam ne the relative m erits of different reactor designs.
This approach is applied to evaluate tw o reactor designs: the “orignal” SP-CVD reactor
design A ) and a m odification design B) m otivated by an attem pt to reduce the cham ber
volim e.

IT.M odeling for design A

Key to this sudy is the developm ent of an accurate m odel of the full w afer response to
adjustable process operating conditions; the model is necessary to compute process
recipes that optim ize a wafer profile objective fimction. The m odel, while physically
m otivated, w illbe dentified from a sstof experim ents.

A . The response surface approach:
The response surface m odeling approach com prises of the follow Ing three steps [10] :

1) SystEm atic experin ents: This step entails setting up a series of experim ents that
generate a range of reliable m easuram ents of the desired output or response
variable. The input variablesfpredictor variables are varied system atically to
generate the 1mnge of measuEments of the response variable by mmning
experin ents on the process tool. For the reactor designs discussed in this paper,
we selected a subset of experim ents baged on our ntuitive understending of
ssoment to segment Intermactons based on the rmsults from  prelim mary
experim ents n [1], follow ed by a statistical analysis of the estin ated param eters.

2) Identfy a m athem atical m odel rlating the response variables W afer thickness
profile) to the put variables. Them odel form  (inearvs. quadratic for exam ple)
isbased on ourphysical and intuitive understending of the process. The m odel is



tested for accuracy and validated . The derivation of the RS m odel is discussed in
detail the next section.

3) TheRS modelisused to optim ize the settings of the nputvaribles to m Inin ize
the value of an objective finction, based on our filn gradient control criterion,
solving a constained non-linear optm ization problem . This optm ization is
discussed in section IV, topic C in thispaper.

T thispaper, the nputvariables of the reactor system are defined by the recipe of the SP-
CVD tool. This recipe com prises the flow mate ofH,, the flow mte of W Fg H,:W Fy flow

1ato is fixed at4 :1), and the show ethead -w afergap size. The desired response variable is
the filn thickness of deposited tungsten defined at a specific spatial resolution over the
w afer surface.

B .Derivation of them odel form :
Under isothemm al processing conditions, the overall reaction rate can be expressed as the

follow ing surface reaction expression [11]:

R,. =k [P

kihn = "o YW F, ]0 [PH2 ]lﬂ (1)
w here,
R is the rate of deposition of tungsten

[P, », ] is the partial pressure of W Fs
B, ] isthe partialpressure of Ho
A ccording to this raction kinetics m odel, the reaction 1ate does not depend on W Fg

partial pressure w hen sufficientW Fy is present. H ow ever;, the reaction mate isassum ed to

e proportional o the square oot of the hydrogen precursor concentration X w, 1O asa

first oxrder approxin ation w e have:

% P, _ flow of H, (scam)
" Toml pressure P Total flow of precursor (scam)

Furthemm ore, In our experim ents we should expect a linear rlationship between the
deposition 1ate of the W film andJXHZ w hen precursor conversion rates are low , and o
the square motof H: flow to each segm ent is finally used as Input to ocurm odel.

The SP-CVD reactor has a show ethead w ih three segm ents which interact w ith one
anotherby the follow Ing tw 0 gas trangportm echanism s:



1) tersegm ent gap diffusion: T this m echanism , process gases diffuse from one
gegm ent to the other segm ents though the gap betw een the w afer surface and the
bottom of the segments owihg to the concentration gradients between the
segm ents w hen different recipes are used in neighboring segm ents.

@) Intersegm ent back diffusion: In this m echanism , process gases diffuse from the
ocom m on exhaustvolm e (CEV ) back into the segm ents ow Ing to gas com position
differences between the CEV and individual segm ents; these differences are
attrbutable to different precursor recipes In the different segm ents or depletion at
high deposition 1ates.

The chow ethead-w afer gap is a process param eter that controls segm ent to segm ent
nteraction In the gap r=gion and is ncluded n the RS model. W e derive a m odelw hich
w ill predict the entire wafer film thickness profile W ™ (r,0) (in nm, for a fixed

deposition tim e) based on the follow Ing Inputvariables:

X :\/H2 flow (scam ) to segmenti

g :wafer— showerhead gap,mm

Based on the deposition mte expression, and the m echanian of segm ent to segm ent
nteraction though intersegm ent gap diffusion and back diffusion from CEV, we
Intuitively define the properties of the m odel to satisfy the follow Ing requirem ents:

1) The m odel should be such that it predicts the Jocal thickness under segm ent i o be
proportional tox; and, to a lesserextentx; for i# j because ofback diffusion.

2) Segment i film thickness dependency on x; is m odulated by g for transport to that
r=gion by Inter segm entgap diffusion.

3) No deposition should take place when all x=0 and the deposition mte should not
change w ith g alone.
Underthese assum ptions, w earrive atthe RS m odel form to be:
W @h)=D €h)x+b, & )x +b, € )x,

+b , @l )xg+b,, 0 )x,g+b,, €0 )xg

@)

To understand thism odel, considera spatial point ’,0') under segm ent 1; the term s in
the expression b, (r,0)x +b, ,0)x + b, (r,0)x, are designed’ to satisfy requirem ent1,

ie, W ., &0 would be prinarly dependent on 3 and the coefficient b, quantifies



this dependency. The tem s b, ' ,0")x and b, (',0")x, account for the contrbution of
back diffusion to the pointthickness W ., & 0') .

The term s n the expression b , (rf)xg+b,, ,0)x,g+b,, (r,0)x g are designed t©
setisfy requirem ent 2, ie. if the spatialpomt &' ,0') isundersegmentl, W ., ' ,0") also
will depend on the mtersegment gap diffusion which is captured by the tems
b, € 0)x9b,, ¢ 0)x9, and b,, ¢ 0')xg. Fially, the absence of a constant tem

In equation @) satisfiesrequirem ent3, ie.whenx=0 andg=0,W _, @f)=0.

The six spatially varying coefficients b, (c,0) and b, ;,0) are computed fiom the
solution of the Jeast squares procedure using the N experim entally determ ned thickness
maps and conesponding process recipes, where N>6. The unigque com putational

approach necessary to com pute the gpatially varying coefficients w ill be discussed In a
Sepamate publication .

C.Data sesttobuid RSM fordesign A :
25 w afers w ere processed for creating the data set fiom w hich w e derived the RS m odel.

Each wafer was dipped mto 10% HF solution to r@m ove native silicon-oxide filn and
In purities that block the nucleation of tungsten crystals; after cleaning, the w afers w ere
Inm ediately Joaded onto the substrate heatern the reaction cham ber. Forall experin ents
described In this article, the heater tem perature is set at 400C giving an approxin ate
wafer tem perature of 380C . Deposition tine was 900 seconds for all wafers. A1l
experin ents w ere carded out at a reactor pressure of 1 torrm aintained by a dow nstyeam
throttle vahve.

Table 1 summ arizes a st of experim ents which were carded out to generate film s of
varying thicknesses under different segm ents by varying the flow mtes of the precursor
gases and the show ethead-w afer gap sizes. A fiter each deposition process, film thickness
was m easured using a 4 pointpmobe @PP) ex-gitl m etrology station. The 4-pont probe
m easurem ents result n a rectangular grid of m easurem ents over the w afer surfaces w ith
an approxin ate spatial resolution of 345 mm genemting 900 m easurem ent points.
Num erical analysis of these waferm aps begins by inteypolating the thickness data to a
num erical quadrature grid defined on a com putational dom ain thathas the sam e physical
dinensions as the wafer (e eg. [12] forthe undertying num ericalm ethods, and [13] for
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another CVD application). This quadrature grid also is used for num erical inteypolation
of film thickness in each segm entt© give a finer higherresolution) r=presentation of film
thicknessundereach segm ent.

D .R S m odel dentification and validation for design A

The six spatially varying coefficients b, (rf)and b, ,f) are computed from the
solution of the least squares procedure using the 25 experim entally determ ined thickness
m aps and corresponding process recipes.

Figure 2 illustates the com parison betw een the m odel’s pradiction and tre m easurem ent
forwafers No. 6, 8 and 23 (Table 1). These wafers were processed w ith the r=actor
operating In the non-unifomm ity m ode. The RS model w as used to pradict the segm ent
averaged valuesw hich show a good agreem entw ith the true segm ent averaged values as
shown by the bar charts. 10 w afers w ere processed w ith the sam e recipe, operating the
reactor In the uniform ity m ode. This recipe @0 scam of H, In S1 and S3 and 20 scam of
H,; In S2) was calculated o be the recipe required t© produce a thickness of 660 nm In
each segm ent using a linearmodel. See Ref. 1 for details rrgarding this linear m odel.
The average thickness of these 10 w afers are caloulated and illustated asawaferm ap n
Fig.2 and com pared w ith the RS m odel’s prediction forthe sam e. The RS m odel predicts
the uniform ity In agreem ent w ith the m easured values to an accuracy of 8% wih a
sandard deviation of 5% . Thus RS models can be effectively used t© predict the
thickness m aps accumrately produced by the reactor when operated In both the non-
uniform ity m ode and the uniform iy m ode.

IV .Perform ance analysis fordesion A :

The validated RS model was used t© evaluate the original reactor design using the
follow ing three criteria:

A .Sensitivity of film thicknessprofile to gas flow rateand gap:
D ifferentiating equation @) w ith respectto x; w e obtain:

OW e (r,0)

—2=_——=p @h)+b, (th)g 3)
0%,

Sin ilarly w e obtain:



OW g (x0)

=b, ¢,0)+b,, ,0)g and @)
0x%, '
oW 0
¢=b3 (r.0)+b,, £0)g 5)
0x, '

These sensitivity maps w ith respect to the reactant concentration of gas fed to each
segm ent are calculated for all ,0) over the patch of the wafer surface under each
segm ent. Color plots of these patches are found M Fig. 3 show Ing the sensitivity of
W cf) In each segment o each x wih nceasing gap size. Two effects are
Observed here:

1) The thickness of fim W, (rf); each segment patch i is most

sensitive to the comesponding x;. This cbservation is physically
ntitive.
2) The sensitivity decreases w ith Increasing gap size because as gap size
TNCIEases, Precursor gases ‘escape’ Mo the external cham ber volum e
causing reactant depletion overthe w afer surface.
Because of the second of these tw o observations, desion A perform s poorly when gap
sizes are greater than 3 mm . For large gap sizes, the conversion rates are reduced and
program m ability of the reactor cannotbe exploited fordesired uniform iy hon-unifom ity
profiles.

B .R ange of segm ent to segm ent uniform ity
W ith the potential lin imtions In operating perfom ance for large gap sizes In m nd, the

RS model is used to pradict the range of uniform film thicknesses that can be produced
across all ssgm ents (1e., sam e thicknesses in all three segm ents) given the fixed range of
flow mates allow ed by the m ass flow contollers M FCs) forvarying gap size.TheM FCs
forW Fg have a range from 0 scom © 12 soom 1im iting the H, flow range fiom 0 scam to
48 scam . The gap size rangesfirom 0 o 5mm .

W edefine:

W ,° to be the average thickness forsegm ent i

% to be the recipe forsegm ent ito achieve W °

S,tobe the ssgmentarea , i=123



W e then wrte out the expression for W fusing Q) and the above defined tems

com pactm atrix form as:

x X
=B|x|+DG| X ©)
X X

where the segm entaveraged R S m odel coefficients are
B,, = [o, @f)ds/ [ds; 1,3=123, )
Si Si

Si

si

and the influence of gap size g is ncluded as the m atrix

G=

o o \

0O 0
g o0 ©)
0 g

To calculate the range of unifom ity that can be achieved using the reactor, we use the

follow Ing steps:

1) Setg=0mm ,W ° —> 0 (desired uniform thickness)

2) SetW, =W =WS°=W*°

3) Solve equation (6) forunknownsx®, xXand x; .

4) I xjare vald (ositve and below the M FC upper lini), then set
W ° =W °+ ¢, (ncrem ent thickness) and retum to sep 2 ie., if the unknownsx® ,
X andx, are w ithin the acceptable flow 1ange, we retum to step 2, crease the
value of the desired uniform thickness and recalculate the unknowns In step 3.

5) I xare not vald, then setg=g+¢, (ncrament gap), W °—> 0 1ie., if the
unknow ns do not lie between 0 and \/E scan , we conclude that the desired
uniform thickness carmot be achieved w ith the cunment gap size and m ass flow
constraints and r=tum to step 1 and ncrem ent the gap size provided it is Jess than
S5mm.

6) Ig<bmm,=rumsEp 2.



W e thus calculate the maxinum value of W °fora given gap size given the m ass flow
constraints of the reactor. Figure 4 contains a plotof max W ° vs. gap size. The plot
Indicates that this reactorcan be usad to produce uniform film s ranging from 0 to 800 nm
across all three segm ents, given the above m entioned range of flow mates.As gap size
exceeds ~34mm, max W “reduces t© zerw. Thus design A is lim ied to depositing
uniform filn s of thickness < 800 nm and cannot produce segm ent t© segm ent unifom
film s forg>3 4mm .W e hypothesize that the curve does notgradually @iloff asg grow s,
but ends abruptly because of segm ent region asymm etres, such as non-uniform CEV

concentration orheaterhot spots.

C . G radient controlperform ance
The programm able reactor can be used t© produce wafers w ith a deliberate thickness

gradient across segm ent regions. To dem onstrate this ability, w e define a st point film
gradient over a subset of the w afer by defining a line of length g, on the w afer surface
sarting at point S1 and ending on S3 (Fig.5a). The segm entw all ssparating S1 and S3
bisects this Ine. W e define the desired thickness gradient along this Ine W _, () by the

follow Ing equation :
2 —
W, (s):ﬂwmém +W (10)
SITI
w here

0<s<s ,W_, isthemean thickness along the gradient defined by the user n nm , and
W is the difference betw een the values of the thickness at the two extrem ides of the
gradientand the centre point, defined by the userin nm .

0, is a tuning param eter that varies from -1 t© 1. This param eter is used o that equation

(10) r=presents all possible linear thickness gradients from S1 t© S3 over the length s.

Consider, forexam ple,

Wset(s):—&)sﬁ W,y +W,) whené =-1 fmaxinum negative gradient) 11)
S
W, (8)=W_, whend, =0 (Hatprofil) 12)
W_ ()= —")s+ W,y —W,)when 0, =+1 fnaxinum positive gradient) 13)
Sh
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Equation (11) is the equation of a Iine w ith negative slope In plying that the desired filn

thickness W_, (s) decreases fiom S1 t© S3 In a lnear fashion. Equation (12) is the
equation of a horizontal Iine, m plying that the desired film thickness rem ains constantat
W__ nm firom S1 t S3. Fhally, equation (13) is an equation of a lne w ith a positive

avg
slope, In plying that the desired filn thickness Increases from S1 t© S3 In a lnear fashion.

Al other values of 6 between -1 and 1 represent the rem aining gradients betw een

20 W .
— ) and + ) respectively.
S S

T each of the above cases, w e set the thickness gradient over any desired target circular
patch on the w afer surface, as shown in Fig. 5. The gradientalong cne axis of the patch is
defined by (10), while along the orthogonal axis the gradient is set to zerw resultng n a
flat tlted circular set pontpatch, W, ,0) . Our cbective is to calculate a recipe that

when serted o the RS modelgives W, (r,0) thatmatchesW _, (r,0) over the entire

target patch as accurately as possible. This can be sated as the follow Ing optim ization
problem :

W s €,6)-W . €£0) 14)

mn
g,x

abpctto 0< x <7 (@an)®® 1=123
0<g<b5mm

W e define the ocbjective function by num erically com puting the nom of the difference
betw een the com puted w afer profile in the patch =gion and the set pont; we use the
built-in optim ization mutine ‘mioon’ i MATLAB to solve the oonstaned
optin ization problem  (14). Figures 5b, 5¢ and 5d ilustate the W, (S)land W, () as
thickness m aps over the patch area when O6_equals -1, 0 and 1 respectively. The
parmmeter Oy is the value of the expression ”W orea (S)—W (s)” at the end of the
optim ization.

Figure 6a ilustates the gradient across the circular patth extending fiom S1 t© S3

obtaned for different values of § . Plots of thex,, g, and O, com puted as solutions to
(14) as a fimction of 6 are shown In plots 6b and 6c respectively. W hen §,_ = -1 ourset

point corresponds t© a filn profile that is thickest under S1 and thimestunder S3 on the
11



defined circularpatch. htuidvely, w e w ould predict thatx, should be higherthan x The
optim ization routine com putes a recipe w hich confim s our intuition . Figure 6b illustates
this recipe with x1~5 €com )°”, with %~0 Ecam )°® and x~0 (scom )°° . Ttuitively,
mantahn a seep thickness gradient we would expect t use a anall gap size. The
optm ization routine arrives atgap size ~0 mm  Fig. 6b) to achieve this desired gradient.
W hen 6_= 0, our set point conesponds t© a filn profile that is flat from S1 to S3.
htuitively, we would predict that x~%3 . Figure 6b illustates this recipe w ith x , 32 and
3%5~2 (soam )°° . How ever the gap size is 0 mm . tuidvely we would expect a larger gap
size for flat profiles, but because design A yields very poor conversion rates w ith large
gap sizes, the RS m odelusad In the optim ization routine recomm ends’ a an all gap size
even for flatprofiles.

W hen 0_= 1, the taxget film profile is thickest under S3 and thinnest under S1 on the

defined circularpatch . tuitively, w e w ould predict thatx; should be higherthan x, using
a an aller gap size.The optim ization routine com putes this recipe to be x1~05 (socam )°®,
x%~5 (goam ), and xs~4 (soam )°” Fig.6b) w th agap sizeof ~Omm .

Thus the RS model was effectively be used to identify recipes to achieve desired
thickness gradients on wafer.0, as Iow as ~1nm when 6, equaled 0, w ith a m ean of 16

nm over all 6 was achieved. Roughly spesking, this is approxin ately 5% enor In

achieving our setpointprofile, in plying a very good gradient control.

V .Them mireactor Design B)
The analysisusing the RS m odel fordesion A revealed the follow ing draw backs:

1) Gap sizes > 3 mm cannotbe usad because precursor gases escape nto the larger
cham ber volum e resulting In poor conversion rates. Sm aller precursor flow rates
would further low er the conversion 1ate. The use of desion A  for com bnatorial
Atom ic Layer Deposition A LD ), a future research direction, r=quires m nute
quantities of precursorspulsed nto the reactor. M ostof these pulses w ould escape
nto the lger chamber volme resulting In a very poor growth rmate. This
daw back calls fora an aller cham bervolm e.

2) Themaximum thickness that can be unifom Iy deposited 1 all three segm ents is
~800 nm .A sm aller cham bervolum e w ould In prove conversion rates and thicker

uniform film s can be deposited.
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Ow g to the above drawbacks of design A, it was decided to design, construct and
Inplem enta an aller cham ber (called a m Inicham ber in Figure 7) volum e. In this article,
we refer to the SP-CVD ractorw ith the m ni cham ber as design B . The m ini cham ber
w as constructed from alum Inum and com prised of two parts. 1) The m ain m ini cham ber
and 2) the 1id w ith approprately shaped holes through w hich the segm ents pass. Figure 7
ilistrates a schem atic of the front view of the design B . The m ini cham ber seats around
the heater and the wafer. The 1lid rests on small screw s drilled horizontally nto the
segm entw alls 120 degrees agpart. The clearance betw een the outer segm entw alls and the
Tner walls of the m Ini chamber is 038 mm . A fier a wafer is ttansfened to the wafer
lifter by a wafer holder from the load lock cham ber and lowered onto the heater, the
segm ents are low ered. The 1id of the m inicham berthen rests on the upper Iip of them ini
cham ber while the segm ents continue to be Iow ered closer t© the wafer. W ih the 1id
resting on the m Ini cham bey; the segm entw afergap can be varied from am Ininum of 0
mm amaxinum of 10 mm . The m Inicham ber togetherw ith the 1id enclosed the w afer
In a cylindrical volum e of diameter ~ 106 mm and a height of ~ 105 mm which is
considerably an aller than the cham bervolum e n desiogn A .

VI.M odeling for desion B

A . Datassttobuild RSM fordesign A :
28 wafers w ere processed to create the data set from which we derived the RS m odel.

Table 2 summ arizes this data set. Pre-process cleaning, process tem perature, pressure,
and postprocess m etrology and num erical nterpolation technigues ram ained the sam e as
they w ere fordesion A .

B .R S m odel identification and validation for design B

The six spatially varying coefficients b, (r,6) are computed In the sam e m anner as they
w ere com puted fordesign A using the 28 experim entally determ ined thicknessm aps and
conesponding pProcess recipes.

Figure 8 illustrates the com parison betw een the m odel’s prediction and true m easurem ent
forwafersNo 2,11, 13 and 22 {Table 2). These w afers w ere processed w ith the r=actor
Ooperating In the non-unifom m ode.. The RS m odel pradicts the uniform iy in agreem ent
with the measured values to an accuracy of 14% wih a stendard deviation of 8% .

Com pared to the design A , the film s deposited by desiogn B are 34 tim es thicker. D esign
13



B confinesm ore precursorgases over the w afer surface and in proves reactant conversion

by asmuch as400% .How everm odel accuracy appears to be low erthan desion B .

V IT. Perform ance analysis for design B :

The validated RS m odel was used to evaluate desion B for the sam e three perform ance
criteria used o evaluate the reactordesion A .

A .Sensitivity to gap size
The RS m odel captures the sensitivity of the m Ini reactorto x: and gap through the color
plots In Fig 9. The nferences from the plots are:

1) Aswih desion A, the thickness of film W, (r,0) in each segment is
m ost sensitive to the conesponding x, calculated for that segm ent.
2) This sensitivity does not decrease significantly w ith increasing gap size
because the m Ini cham ber n design B confines the gases preventing their
escape to the m ain cham beras in design A . The slight decrease in sensitivity
is attrbuted to the ntersegm entdiffusion that is facilitated by hcreasing gap
size.

B .R ange of segm ent to segm entuniform iy

The range of unifom ity that can be achieved using desiogn B w as calculated using the

sam e procedure used fordesion A . Figure 10 shows a plotofmax W ° vs. gap sgize for
both desiogn A and the design B. The plot indicates that the desiogn B can be used t©
produce uniform filn s across all three segm ents ranging from 0 t© 1800 nm , given the
earlier m entioned range of flow mtes.Design B can thus be usad t© produce unifom
filn satamate 2 © 3 tinesthatof desion A .

C .G radient controlperform ance
W e defined and solved the gradient optim ization problem for desion B using the same

approach used for design A . Figures 1lb, 1lc and 11d ilustate the W, (s)and

W (s)when 6 _equals -1, 0 and 1 respectively while Figure 12 illustrates optin ized

pred

profilesand plotsbetween 6 vs. x ,0, vs.gap and J_ vs.Ov.

14



When 6 = -1 the optn Izaton mutine computes a mcipe Fig. 12b) wih x~25
(soam )°°, 3%~0 (scam )2 and x~0 (scam )°° . The optin ization moutine recom m ends a gap
gize ~0mm to achieve this desired gradient.

When 6 = 0, the optin Ization mutine computes a rwcipe Fig. 12b) wih x~05
(scom )°°, with %~15 (scom )°° and x~0 (sccm)05wjthagap gize ~5 mm . This confimm s
our Intuition thatw e w ould expecta Jargergap size for flatprofiles.

W hen §_= 1, the optin ization outine com putes this recipe t© be, x,~0 (goam )°°, 3,~0
(scom )°° and x3~5 (scem )°° Fig.12b) w ith a gap size of ~1 mm .Com paring Fig 6b w ith
Figl2b, we see that desion B r=quires ~ 50% samaller flow 1ates of precursor gases

defined by x;) than design A for the sam e thickness gradient.
V III.Concluding R em arks

The RS m odeling approach w as used successflly to com pare the processing capabilities
of wo CVD ractordesigns and to assess theirability to produce controlled graded film s

overa sub-gection of the w afer surface. The follow Ing table com pares the m eritsem erits

of the tw o designs.
Serial C riteria of com parison Design A Design B
No
1 RS M odel fidelity reported as
|w W | 8+5% 14+ 8%
predicted measured
W measured
2 Program m ability (U niform ity/N on Good Good
uniform ity control)
3 Sensitivity to gap and flow mate Sensitivity Exhibits good
declinesrapidly | sensitivity w ith
w ith Increasing ncreasing g
9
4 R ange of segm ent to segm entuniform iy for 0-800mm w ih 0-1800mm w ith
the given flow constraints gaps gaps
O<g<3mm 0<g<2 5mm
5 G radient contiol Good Good

W e conclude thatdesion A could be effectively used to deposituniform and non-uniform
film s at Jow gap sizes accurately and w ith good r=peatability. Desion B could be used t©

15



deposit thickeruniform and non-<nifomm film s. The gap size could be effectively used as
a knob t© control ntersegm ent diffusion in the case of desion B .

ALD films fiom biary and temary system s control filn  com position by adjusting the
pulsing and purging frequencies of the mdividual precursors. Film com positions can be
varied from one w afer to the next using this approach . H ow ever, deliberate com position
gradient controlw ithin a sihgle w aferdeposition run has notbeen dem onstrated forALD .
W e ar cunently sudying reactor desions for combiatorial ALD that enable gas
ocom position gradient control over the w afer surface to deposit varying com positions over
a single w afer.D esign B, because of its an aller volum e and higher conversion rates could
prove usefiil forthis purpose.
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Figure C aptions

Figure 1:Schem atic of the SPCVD reactorassem bly:desiogn A

Figure 2: Twe wafer maps @ata) of wafers No6, No8 and No23 (Table 1), and
averaged profiles of 10 wafers processed w ith the sam e recipe, obtained from 4 point
probe m easurem ents and num erically inteypolated n M ATLAB are shown In the top ow .
The nterpolated data are com pared t© the m aps predicted by the RS m odel shown in the
second row . The third row com pares the average thickness for each segm ent through bar
charts. The recipe isw ritten In the form at:

[\/H2 flow (socm)jnSl,\/H2 flow (;sccm):inS2,\/H2 flow (scam) nS3  gap

Figure 3: Sensitivity of the reactor to r=cipe and gap size as predicted by the RS m odel
fordesion A . The greater the redness of the plotw ithn a segm ent, the m ore sensitive that
ssgment is to H, flow In that ssegment. A s gap size Increases, sensitivity to H, flow
decreases because w ith increasing gap, the precursor gases ‘escape’ Into the extermal
volum e of the cham ber.

Figure 4 : The range of uniform ity contiol possible for the design A as predicted by the
RS model. This plot conveys that this reactor design could be used to deposit unifom
film s rTanging from 0 t© 800 nm using gap sizes ranging from 0 to 3 mm ,wih W Fe flow
mates ranging from 0 to 12 socon in each segm ent (im ited by the M FCs) and H flow mates
n each segm ent ranging from 0 t© 48 scam  (© m antamn the stoichiom etric ratio of 14
W FeHz).Arflow n each segm entis60-H » flow + W Feflow ) scam .

Figure 5: G radient control fordesign A forthree cases of 6 values (-1, 0 and 1). The

value of the m Inin ized objective fimction O+ at the end of the optim ization routine is
shown below the plots n each case. W 4y, W , and O, In 1M .

Figure 6: Evaluation of gradient control across ssgments 1 and 3 as a function of 6,

using the RS m odel fordesion A .

Figure 7: Schem atic fiont view of the SP-CVD rmactor w ith the m ini cham ber desion
B).W hen the segm ents are low ered, the 1id is stopped by the w all of the m Ini cham ber
w hile the segm ents continue to be Iow ered to the desired segm entw afergap . This design

renders a cham berw ith a reduced volum e and overcom es draw backs of desion A .
Figure 8: Tme wafermaps data) of wafers No2,Noll,Nol3 and No22 Tabk 2),

obtaned from 4 pointprobe m easurem ents and num erically nterpolated MM ATLAB are
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shown In the top row . They are com pared w ith the predicted m aps by the RS m odel for
the sam e shown In the second mww . The third row com pares the average thickness for
each segm ent through bar charts. The recipe isw ritten in the fom at:

[\/H2 flow (scam ) 1 S1,,/H , flow (eom ) 11 52 ,,/H, flow (scam) ;1S3 gap

Figure 9: Sensitivity of the reactor to recipe and gap size as predicted by the RS model
for design B . The greater the r=dness of the plot of the plot w ithin a segm ent the m ore
sensitive that segm ent is to H, flow In that segm ent. A s gap size Increases, sensitivity
H, flow doesnotdecrease as n design A because the m Ini reactor desion m nin izes the
gases escaping nto the larger cham bervolm e.

Figure 10: The range of unifom ity control possible for the design A vs. desion B as
predicted by the RS model. This plot Indicates that design B could be used to deposit
uniform film s ranging from 0 t© 1800 nm using gap sizes anging from 0 to25mm ,w ih
W F¢ flow mates ranging from 0 to 12 scam in each segm ent (lin i=d by the M FCs) and H,
flow mates In each segm ent ranging from 0 © 48 scan  (© mahtain the stoichiom etric
rmtoof14W FgH,).Arflow neach segmentis 60-H, flow+ W Fflow ) scam .

Figure 11: G radient contiol for design B for three cases of 6, values (1, 0 and 1). The
value of the m inin ized cbjective function O, at the end of the optim ization rutine is

shown below the plots n each case W avg, W n and Oy Inmm .
Figure 12: Evaluation of gradient control across segnents 1 and 3 as a fimcton of

0, usihg theRS modelfordesion B .
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Table Captions
Tablel:W afers 1 t© 25 were used t© depogit filn s from  the above recipes (varying flow

mates and show ethead-w afer gaps sizes) for generating the data to obtatn the RS m odel
forreactordesion A .W Fg H, flow matio in each segmentis14.Arflow In each ssgment
is60-H, flow+ W F, flow ) scam

Table2:W afers 1 t© 28 were used to deposit filn s fiom  the above recipes varying flow

1ates and show ethead-w afer gaps sizes) for generating the data to cbtain the RS m odel
fordeign B .W Fg H, flow matio nh each segmentis14.Arflow in each ssgment is60-H,

flow + W F, flow ) scam
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Design A data set

W afernumber| H2 flow S1(sccm ) | H2 flow S2(scem ) | H2 flow S3 (scem ) Ga]_p fmm )
1 24 36 48 1
2 48 24 36 1
3 24 36 48 1
4 48 24 36 1
5 36 48 24 1
6 24 36 48 1
7 48 24 36 1
8 36 48 24 1
9 48 24 36 1
10 40 20 40 1
11 40 20 40 1
12 40 20 40 1
13 40 20 40 1
14 40 20 40 1
15 40 20 40 1
16 40 20 40 1
17 40 20 40 1
18 40 20 40 1
19 40 20 40 1
20 24 36 48 3
21 48 24 36 3
22 36 48 24 3
23 24 36 48 3
24 48 24 36 3
25 36 48 24 3

Tabll
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Design B data set

W afernum ber

H2 flow S1 (sccm )

H2 flow S2 (sccm )

H2 flow S3 (sccom )

Gap fmm )

1 16 32 48 3
2 48 16 32 3
3 32 32 32 3
4 32 0 0 3
5 0 32 3
6 0 0 32 3
7 0 0 32 1
8 0 32 0 1
9 32 0 0 1
10 48 16 32 1
11 32 48 16 1
12 16 32 48 1
13 16 32 48 5
14 32 48 16 5
15 32 32 32 5
16 32 0 0 5
17 0 32 0 5
18 0 0 32 5
19 0 0 32 3
20 0 32 0 3
21 32 0 0 3
22 32 32 32 3
23 48 16 32 3
24 32 48 16 3
25 16 32 48 3
26 0 0 32 2
27 0 32 0 2
28 32 0 0 2

Tabl 2
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