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A Simple Equation for Predicting Superconformal
Electrodeposition in Submicrometer Trenches
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We present a single variable first-order differential equation for predicting the occurrence of superconformal electrodeposition. The
equation presumes that the dependence of deposition rate on surface coverage of the accelerator (& dndenved from
voltammetry experimenison planar electrodes. A simplified growth geometry, based on the recently proposed mechanism of
curvature enhanced accelerator coverage, is used to permit simplification of the trench-filling problem. The resulting solution is
shown to reduce computational time from hours to seconds, while yielding reasonably accurate predictions of the parameter values
required for trench filling.
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State of the art manufacturing of semiconductor devices involvesage” from Ref. 7 and 8, a simple geometrical model is presented that
electrodeposition of copper for device wiring. Successful implemen-captures the fundamentals of the near-optimized filling mechanism
tation in Damascene processing has resulted in enhanced perfowhile reducing the problem to a first-order differential equation that
mance and significant cost reductibmterestingly, implementation ~ can be solved in less than a second. In contrast, the front-tracking
of copper electroplating has proceeded in the absence of a robusiode that neglects diffusidnrequired approximately 30 min to
physical description of the feature filling process. In addition, opera-simulate the filling of one trench, and the level-set code that includes
tional parameters remain a highly sensitive proprietary issue. Thigiffusion required several hours on the same comp(uiéth a 1
combination of factors has hindered process optimization and lim-GHz clocked processpifor each simulation. This new model is
ited scientific assessment of future prospects for this technologyreferred to as the “simple” model. Its simplicity permits a study of
Early modeling studies focused on leveling theory where thethe potential and concentration dependence of trench filling over a
location-dependent growth rate derived from diffusion limited accu- range of aspect ratios to be performed in less time than is required to
mulation of an inhibiting specie?sHowever, this formulation was generate a single solution for one concentration and aspect ratio
unable to predict several key experimental observafi§rRecently ~ using either the front-tracking or level-set codes.

a model electrolyte for the study of superconformal electrodeposi- For model validation, predictions of the simple model are com-
tion was identifiefl along with a curvature enhanced accelerator pared with results from the level-set code, which, to reiterate, solves
coverage model that provides a quantitative description of superconfor the space and time dependent cupric ion and accelerator concen-
formal depositior:® The fundamental premise of the model is that trations in the electrolyte and uses the actual interface shape. The
the dilute accelerating thiol or disulfide derived from a 3-mercapto- predictions of the simple model are also compared to experimental
1-propanosulfonate additivePSA) adsorbs strongly on the sur- results. Predictions of the simple model are seen to be in good
face, thereby displacing the inhibiting polymeric species derivedagreement with the level-set code predictions as well as experimen-
from polyethylene glycol and chloridé?EG-C) additives. In the  tal results for the range of parameter space over which superfilling
model all adsorbed species remain on or float at the surface duringgcurs- There is only a modest loss of predictive ability at the
deposition. In the case of nonplanar substrates, compression of adroundary between conditions which yield superlll) vs. those
sorbed accelerator with reduction of surface area during growththat lead to void formatiorfail).

such as occurs at points of positive curvat(eeg, the bottoms of

small trencheks results in increased local velocity. A front tracking The Simple Model

code was used to demonstrate that such a mechanism, using an o . . . .
experimentally derived relationship for the dependence of deposi- Detérmination of equations of evolutieaThe approximations
tion rate on adsorbed accelerator, could generate superconformdl the simple model, the validity of which are discussed later, are as
electrodeposition. The model and associated front-tracking code ag0!lows. The time-dependent interface shape is approximated for all
sumed the cupric ion and additive concentrations to be independerfimes by vertical and horizontal line segments for the moving sides
of position in the electrolyte near the surfdcdlodel predictions an_d bottpm, res_pectlvel(y:lg. 1).' Filling of a_trench Of.W'dthN and
were shown to agree with experimental results for filling of trenchesh€ighth is monitored by tracking the location at which the bottom
between 350 and 100 nm wide and 500 nm deep over a wide rang@Nd side surfaces meet as a function of times., 2z(t)

of processing conditions. A second model that includes an explicit= [X(t),y(t)], shown schematically in Fig. 1. The simple model
solution of the diffusion equations that govern copper and accelera?Nd numerical level set code use the same experimentally derived
tor arrival through the electrolyte to the surface has also beerf€lationship for velocity and the surface coverageof accelerator
published® a code using the level-set method rather than front- (v = i(6)Q/2F with i(6) the current density, the atomic volume
tracking was used for the simulations. of copper, and~, Faraday’s constantThe local growth rate has

An alternative model based on accumulation of accelerator at thd>een shown to increase monotonically with the surface coverage of
bottom of features was recently publisiie@ihe simulation param-  acceleratod and overpotentiah®® and scales linearly with the cu-
eters were tuned in order to obtain agreement with fill studies forpric ion concentratiorC at the interface, having the form
one particular electrolyte compositioa,g, an equilibrium surface
coverage of the accelerator of 0.05 was used. This value is well c (0)F
below the near-unity equilibrium coverage used in this work and _ = @

Ref. 6, 7, and 8. 0(6:m,C) =z v6) exp( RT “) 1]

Based on the concept of “curvature enhanced accelerator cover-

The accumulation of accelerator from the electrolyte to the surface
* Electrochemical Society Active Member. is approximated to have no explicit spatial variation within the fea-
Z E-mail: josell@nist.gov ture. It is expressed in terms of the concentration of the additive in



C768 Journal of The Electrochemical Socigty8 (12) C767-C773(2001)

Next it is postulated that the evolution of accelerator coverage on
-_— Y — — = — the sidewalls of the trencli(t), is identical to that occurring on the
free surfacgas given in Eqg. 2 i.e., no significant depletion occurs
down the trench

dbs Cupsak(1 — 0

Cuw/electrolyte interface 5=150 lfm dt 1+ oTK(1 — 0J/Dypsa [5]

Equation 5 can be evaluated numerically to objft) given that

Wgap C 040) = 0. Note thatd(t) = 0t). The coverage on the bottom
_._L___._Qt_ ! surface 8(t), is postulated to follow
X 0 C
ez vy I B reavecees oy Cuesak(1 — 0y) 2000 2005
Y hgap o dt 1+ 8I'k(1l — 8p)/Dypsa W — 2X w — 2X
Z / (6]
Patterned 7x<- ; h infp(0) = 0. As with Eq. 5 for the sidewalls, the first
/ / where, againf,(0) = 0. As wi g. 5 for the sidewalls, the firs
Substrate ; 0y G j h term in Eqg. 6 represents the accumulation from the electrolyte. The
V4 / last two terms represent accrual of the accelerator that was on the
; Copper ; sidewall region eliminated by the upward motion of the bottom and
7| Deposit i / the concentrating effect of the shrinking bottom, respectively,
j/////////////// - 2Xx is th_e tlme_-dependen_t W|dth_ of the b_ottc(_ﬁlg. 1). Equation
6 is a nonlinear first-order differential equationdig. It can be used,
w with the experimentally derived parameters and Eq. 1 to solve for

0,(t).

Figure 1. A schematic of the approximate geometry used for the simple From Eq. 3, the timeé* at which the sidewalls would reach the
model. Included are definitions of the dimensions, growth rates, concentra- L

tions within the electrolyte, and surface coverdgef accelerator on differ- midline of the trench widtiw, is defined by

ent surfacegequal to 1— 6 coverages of inhibitgr Due to assumptions W

within the model, the growth of the sidewalls equals that on the top surface. X(t*) = — [7]

Also indicated is the boundary layer over which diffusion of cupric ion and 2

accelerator occurs.
The criterion for trench filling is that the bottom surface escapes
from the trench mouth before the sides close in, leaving a $eam

the bulk electrolyteCypsa, the diffusion coefficientDypsa, the void). This can be written as

number of available siteE(1 — 6) and a potential dependent rate y(t*) = h [8]
constantk(m) by Ref. 8
with t* determined from Eq. 7 ang(t) from Eq. 4. The equality
de, Cupsak(1 — 8y holds at the transition between conditions that lead tov§lithose
a1+ STK(L — 0,)/Dypsn (2] that lead to formation of a seafor void). The conditions for fill are
now expressed in terms of the function§d,C,n) and the geo-
. metrical consequences of growth in the trench as per Eq. 6. The
whereﬁlé = 18X 10° - 2.7x 10" m [cm/mol s], Dypsa = 1 evolution of the quantitie®(t), 04t), vy(t), andv(t) [thusy(t)
X 10°° cntls, the thickness of the boundary layer B  gnqx(t)] can be numerically evaluated using Eq. 1-6 once the cu-
= 15910““”1' the areal density of absorption sites I5= 9.7 ¢ jon concentration€(t) andCy(t) are known(see Eq. 3 and)
X 107*° mol/en?, and the accumulation is zero at zero time This model can be easily extended to via geometry by considering
6(0) = 0. Equation 2 captures the gradient of concentration acrosshe additional compression term associated with sidewall motion.
the boundary layer as well as the equality of the flux diffusing across ) o ] )
the boundary layer and attaching to the interface. With the rate of ~Accounting for the effects of cupric ion depletieAThe deposi-
accumulation defined by Eq. 2, the accelerator adsorbed on the irtion ratev(6 = 1)/v(6 = 0) goes from 30 to 300 for from —0.1
terface saturates at unity covera@me monolayer As is done in  to —0.3 V (absent cupric ion limitations Thus, if the accelerator
the level-set calculatiorfsa value of§ = 1 is used when areal Ccoverage on the bottom surface saturates while the sidewalls still
shrinkage make$ rise above unity(excess is thus implicitly de- have low coverage, then the criterion in Eq. 8 will predict that the
stroyed or incorporated into the deposited Comper bottom can escape even if the unfilled re'glon_ has gn'as'pect re}tlo
For potentiostatic depositioffixed v), the horizontal displace- ~much greater than 10. In such a case, diffusional limitations will
ments of the sidewalls, is expressed in terms of their accelerator certainly lead to the breakdown of several of the assumptions made

coveraged and the local cupric ion concentrati@@, to derive the above fill criterion. The impact of cupric ion Tu
depletion will therefore be determined.
t t Mass balance of the copper ion flux at the top of the G&e Fig.
X(t) = f v[041),Cyt)]dt = f vg(t)dt [3] 1) with the consumption of copper associated with motion of the
0 0 sidewalls and bottom gives
WgaﬁCuDCuVChop = 2hgarps + Wgag'p (9]

and, likewise, the vertical displacement of the bottom surface can be
expressed in terms of its accelerator coverggend the local cupric

. - with cupric ion diffusion coefficienDc, = 5 X 10°® cné/s and
ion concentratiorCy,

Qc, = 7.1 cni/mol. In keeping with the approximate nature of this

t t solution,VC is approximated as constant down the trench, with all
y(t) = f v[0(1),Ch(t)]dt = J v(t)dt [4] cupric ion consumption by the sidewalls approximated as occurring
0 0 at the bottom of the trench. By the point that depletion becomes
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substantial and this approximation is no longer valid, the assumption 50
of uniform sidewall velocity is already invalitsee Eq. L For the 1 2 3 4 5 6 87
conditions of interest in this study, this occurs only when the side-
walls have approached close enough that failure to fill is imminent.
The time-dependent concentrations of cupric ion at the bot®©gh (
and top C,) of the trench are related by

Cy(t) = BC(1) [10]

Thus defined, B(t) =< 1 during deposition, andVC = C(1
— B)/hgap. Equation 9 thus becomes

MPSA, umol/L
)
o

C(1-B) . '
Wgap()’CuDCuth— = 2hgaps + Weapp [11] Fill Fail
gap

For an isolated trench, the exact solution requires consideratior 0 1 2 3 4 5 6 7
of the hemicylindrical diffusional field in the electrolyte. The exact A .
solution for the case of a periodic array of trenches, while approach- spect ratio

ing one-dimensional diffusion far from the surfaéeompared to ) o . . ) )
feature spacing will be affected by the additional consumption as- Figure 2. Fill/fail boundaries predicted by the simple model as a function of
the concentration of accelerator in the electrolyte are shown for representa-

?.ch).C'ate? w‘tmgrOWthtOf tthe ?Idfwaﬁs-m'st effect ;S Ialr gest for éhe .thtive overpotentials. _Curves are enumerated according to overpotential in
iing of high aspect ratio features that are closely spaced WIth_q g5 v/ incrementsi.e., (1) —0.14, (2) —0.16,(3) —0.18,(4) —0.20, (5)
deposition under conditions of mixed contrgivhen I'sk(1 —0.22,(6) —0.24,(7) —0.26, and(8) —0.28 V. Fill occurs at lower aspect

— 0)/Dupsa = 1, as per Eq. R For conditions studied here, the ratios(left of appropriate fill/fail boundany and fail occurs at higher aspect
diffusion field is treated as that above a planar surfdeethis case,  ratios(right of appropriate boundaly

the concentration of cupric ion at the top of the trerihcan be

written as a function of the bulk concentrati@g,, in the electrolyte.

This is done by invoking mass balance of the cupric ion flux acrossThe time-dependent decrease@f below the bulk valueC, (Eq.

the boundary layer and the copper incorporation into the top surfacel3) comes from the drop across the boundary layer required to sup-

moving at velocity(t), to obtairf ply the increasing cupric ion consumption associated with the in-
creasing surface coverage of accelerator. The concentration at the
Cou— Gt bottom of the trenckiEq. 16 reflects this effect as well as additional
QoPey S = Ut [12] depletion down the trench itself due to cupric consumption by both

the sidewalls and the bottom.

The cupric ion concentration for the sidewall@J is approximated The expressions for the cupric concentratidhgvy) and Cy

as equal to that at the top of the trendBy), which will yield an  (vb, vd in Eq. 13 and 16, respectively, with the empirical formulas
upper bound of sidewall velocity. Because the accumulation of ac?s(Cs) andv(Cy) defined in Eq. 1, 3, and 4, provide four nonlinear
celerator on the sidewalls is modeled as independent of positionéquations that are solved for the unkno@, Cs, vy, andvs. With
thus also equivalent to that on the top surface, the growth rate on th&d. 5 and 6 defining the impact of the growth ratggndvy, on the
sidewalls ¢ ¢ equals that on the top surface, . This approxima-  evolution of the surface coveragesando,,, the equations describ-
tion models void formation through more rapid sidewall growth near ing trench filling in the simple model are now fully determined.
the top of the trench where there is less cupric ion depletion. Re-

placingC; andv, by C; andvg, respectively, Eq. 12 can be rewritten Predictions of the Model

as Comparison to the level-set code predictisagigure 2 shows
model predictions, specifically whether fill or fail is to be expected,
Cqt) = Cey — dus [13] for the experimentally derived velocity functidn
s ! QCuDCu QC c
8,M,C) = == = (0.069+ 0.64
and Eq. 11 and 12 can be solved foto obtain v(6m.C) = o¢ CCU( )
Ngap (0.447+ 0.299)F
B=1- W_ (Zhgad)s + Wgad’b)/(CCuQCuDCu — duy) X ex RT n [17]

gap
[14]
with  C,= 25X 10™* mollcn?, F = 96,485 C/mol, R

The dimensions of the unfilled gap region can be replaced using= 8.314 J/mol K, and = 293 K, and other parameters as given

hgap=h + x — y andwg,, = w — 2x (see Fig. 1to obtain earlier. The trench depth used for the fill criterion in Eq. 8 is 0.5
pm; this value is used for all modeling. The curves delineate the
Bt = 1— (h+x—y)[2(h + X = y)os+ (W = 2X)vy] border between filvs. fail conditions for a series of deposition volt-
(w — 2x) (Cef2ePey — dvy) ages. Perhaps the most important feature of Fig. 2 is the existence of

[15] an optimal range of accelerator concentrati@ygs,s. This can be
understood via the model. Too low a value leads to inadequate cov-
Finally, using Eq. 13 and 15 eraged, and inadequate upward acceleration of the bottom surface,
even with geometrical compression. Too high a value leads to near-

Cy(t) = (1 _ (i x—y)[2(h + x — y)us + (W = 2X)vy)] unity coveragéd (as well ashy,) and thus equal, albeit high, veloci-
(w — 2x) (Cal2cDey — Bvy) ties for all surfaceqconformal growth. The generally improved

5o filling with overpotentialm going from —0.14 to —0.26 V is asso-

x| Cey — _5) [16] ciated with the increase of the ratigd = 1)/v(6 = 0) with ) that

QcDey was noted earlier. The maximization and subsequent decteate
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50 simple model underestimating the maximum filling aspect ratio by
~1 for Cypga greater than~=20 pmol/L. Figure 3b shows the im-
pact of overpotential on the predicted boundary between fill/fail
conditions forCypsa = 5 pmol/L. Again, the predictions of the
e o level-set code are shown by op&olid) circles for void formation
(superfil). The simple model captures the maximum filling aspect
ratio of approximately 5, the predicted voltage dependence shifted
by ~50 mV from the level-set solution.
¢ ° Growth contours as predicted by the simple model and the level-
set code are compared in Fig. 4eft and right, respective)y?
Growth in the simple model is shown until the trench is filled. Mod-
eling beyond when the bottom surface extends above the top surface
(at heighth + x), forming the bump visible over the filled trench
from the level-set code simulation, requires extension of the simple
0 1 2 3 4 5 6 7 model. It is evident that the use of vertical sidewalls and horizontal
Aspect ratio bottom successfully captures the essence of the growth profile up to
the point of surface inversion. Figure 4b shows the corresponding
histories ofy andx, the copper deposition thickness from the trench
bottom and sides, in the simple model. Feature filling is indicated by
the fact thaty reaches the trench heigt@.5 wm) beforex reaches
the trench half-width. Figure 4c shows the corresponding histories
of 6, and 6, the accelerator coverages on the bottom interface and
side interfaces. Figure 4d shows the corresponding histori€, of
° o andCg, the cupric ion concentrations at the bottom and sides of the
unfilled region. It is evident from Fig. 4b that nearly 80% of the
displacement of the bottom surface occurs in the last 3 s, after the
accelerator coverage on the bottom surface has satufigigd4c
giving maximum growth rate. The general decrease in cupric ion
° concentrationgFig. 4d is caused by the increasing deposition rates
on all surfacegtop, sidewalls, and bottonassociated with the ac-
035 cumulation of the acceleratdFig. 49. The rapid decrease @, at
’ ‘ ‘ ~25 s in particula(Fig. 4d is caused by the increasing gradient of
0 1 2 3 4 5 6 7 concentration required to supply the accelerating deposition rate on
(b) Aspect ratio the bottom surface. The sudden change of slope2& s(Fig. 40 is
caused by attainment df, = 1 (Fig. 40 which halts further in-
Figure 3. (a, top Fill/fail boundaries predicted by the simple model are crease of the velocity of the bottom surface. With the velocity of the
compared to level-set code predictions at overpotentials-0f2 V as a bottom surface, and thus cupric consumption, now nearly maxi-
function of the concentration of accelerator in the electrolyte. Filled circles mized, the gap height over which the gradient exists rapidly de-

indicate aspect ratios that filled according to the level-set code, while ope . . _
circles indicate those that developed voi@s,. bottom Fill/fail boundaries ncreases and the cupric concentratiop approachesC; (= Cj.

predicted by the simple model are compared to level-set predictions for anf Nis increase ofC, does lead to an increase in the velocity of the

accelerator concentration of Bmol/L as a function of the overpotential bottom surfacdEq. 1) and thus the slope of(t) fort > 26 s in

during deposition. Fig. 4b. However, this-30 % increase in velocity due to the rever-
sal of the cupric depletion is insignificant in comparison to the
12,000% increase associated with saturation of the accelerator cov-

shown of predicted fill conditions with potential are caused by in- €rage in the first 25 s of deposition.

adequateCy, for the higher deposition rates and decreasing fill times  Analysis—The relatively conservative predictions of the simple
associated with these higher overpotentials; cross-over of the boundnogel as compared to the level-set calculations in Fig. 3a is likely
aries at low accelerator concentratioByfpsa < 5 pmol/L), not  due to the determination of sidewall velocity from cupric concentra-
resolvable in Fig. 2, is also caused by this. Clearly, the ability of antjon at the top of the trench. As noted earlier, this simulates pinch-off
electrolyte to fill trenches of a given aspect ratio depends stronglyat the top of the trench. Sidewall velocity obtained using the higher
on the bulk concentration of the additive in the electroly@gsa) cupric concentration represents an upper bound and leads to more
and the overpotential. It is worth noting that, under optimal condi- rapid closure(failure). This, in combination with the associated
tions, superfilling is predicted to occur in features with aspect ratioSgyerestimate of cupric depletion down the trench, which leads to
exceeding 6. Use of higher cupric ion concentrations will push thisgjower upward motion of the lower surface, is generally conserva-
value higher, though the exact value is uncertain as kinetics have ngjye. Though not done here, less conservative predictions can be
been fully determined for such electrolyte concentrations. obtained by using, equal toC, (andC,) as given by Eq. 13. This

Figure 3 compares predictions of the simple model with results;q a5 cupric depletion down the trench, imposing only the concen-
obtained using the level-set code. Figure 3a shows the predicte ation drop across the boundary layer.

boundary between fillffail conditions for ~overpotentiah It is unclear what role the instantaneous redistribution of accel-
= —0.2 V; the predictions of the level-set code are shown by opengrator on the bottom surface, implicit in Eq. 6, plays in the differ-
(solid) circles for void formation(superfil). Agreement of the bor-  gnce petween the predictions of the level-set code and simple model.
der predicted by the simple model of this paper and the bordefi, ihe |evel-set simulations the accelerator coverage enriches earlier

between fill/fail of the level-set code data points @jipspa UP t0~5  in the corners than in the middle of the bottom surface, which leads
pmol/L is good. The number of the level-set data points is limited

by the computational demands of the code, noted earlier. Agreement ) . )

in trend thouah not absolute value is noted between the simple.. The early level set code |mplemented for Ref. 8 did not accura_te_ly predict depo-
n 9 o - . Pl&ition at the upper corners. This inaccuracy did not impact the predictions for whether
model and level-set code predictions at higi®ypss, with the particular features filled, or failed to fill, in that work. It has been corrected here.
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Figure 4. (a, top lef) Filling contours predicted by the simple modgéft) are compared to those obtained from the level-set dodét) for Cypsa

= 5 pmol/L andn = —0.282 V. The trenches are Oubn deep with aspect ratio of @eight/width. Data associated with the simple model simulatigdm:
top right The corresponding histories gfandx, the copper deposition thickness from the trench bottbaid line) and sides, respectively. The dashed line
indicates the trench half-widtlic, bottom lefj The corresponding histories 6f and6, the accelerator coverages on the bottom interfaoé line) and side
interfaces, respectivelyd, bottom right The corresponding histories &, (bold line) and Cg, the cupric ion concentrations at the bottom and sidewalls,
respectively, of the unfilled region.

to more rapid motion in the corners and curvature of the lowerface is flat during the period of conformal growthig. 4a, righj.
surface(Fig. 4a, righj. Once coverage of the accelerator saturates, though not flat, it main-

To study the impact of decreasing cupric ion and MPSA fluxestains a near-constant shape. The sidewalls are flat at all times, as
during the initial stages of deposition, a transient boundary layerassumed in the simple model. The level set calculations show that
thicknessd = JwDct was used for times until 5 reached the  there is less than a 10% drop of the accelerator and cupric ion
steady-state value of 15(Gm. Deposition rates of both Cu and cgncentrations going from the top of the trench to the bottom of the
MPSA-derivative increased significantly at early tinies per Eq. 1 ranch for most calculation the position-independent accumula-
and 13. However, this increased _d_eposmon occurr_ed on both thetion of the accelerator from solution assumed in the simple model is
bottom and side surfaces of the filling trench, causing shifts of the ; .

therefore reasonable. Finally, the lower surface rapidly moves up-

fill/fail boundary of less than 0.2 aspect ratimot shown. . . .
The impact of the simplifying assumptions made to derive theV_Vard between the barely moving side walls in the level set calcula-

simple model has already been assessed through comparison of t{@ns (Fig. 4a, right, sweeping up the adsorbed accelerator and com-
simple model predictions with those of the level set calculationsPressing its own, consistent with the use of accumulation, transfer,
(Fig. 3. Itis, nonetheless, worthwhile to examine the validity of the and compressive terms for the coverage on the bottom surface ver-
individual assumptions separately. First, as is assumed in the simpleus simple accumulation for the sidewal(Eg. 6 and 5, respec-
model, the level set calculations show that the bottom growth sur-tively).
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(b) Figure 6. Image of trenches that have been filled and cross secti@ied
tained by transmission electron microschpiote that the filled trenches
exhibit grains, with twins, extending across their full widths. Overpotential
m = —0.284 V andCyppsa = 5 pmol/L. The copper seed layer on top
surface was only 80 nm, corresponding to sidewall seed thicknes$ oim.

T um
0 1 2 3 4 5 6 7

Figure 5. Images of trenches that have been filled and cross sectiohed Aspect ratio
tained by scanning electron microscppkines are approximately 0.pm
deep with linewidths varying betwee®x350 and~100 nm. From top to 50
bottom: (8) n = —0.094 V additive freefb) n = —0.301 V andCypsa
= 0.5 pmollL; (c) m = —0.282 V and Cypsa = 5 pmoliL; (d) 7 12
= —0.150 V andCypga = 40 pmol/L. 40 -

Comparison to experimental dataModel predictions were also 30 -

compared to experimental results. The experimental technique ha 3
been detailed previof& Micrographs obtained by scanning elec- <
tron microscope of typical experimental results are shown in Fig. 52
for conditions where some, none or all of the features filled. The &
transmission electron micrograph in Fig. 6 demonstrates that indi-  1¢ |
vidual grains extend across filled features. Each specimen provide:

data points for multiple aspect ratios at a given overpotential and
electrolyte chemistry. The height used for calculating the trench as- 0
pect ratio includes the 100 nm thick copper seed deposited by elec

tron beam evaporation on the top surface of the trench prior to 0 1 2 . 3 4 5 6 7
electrodeposition; 10 and 6 nm seeds on the trench bottom and side._, Maximum aspect ratio

respectively, are ignored. Experimental data points, indicated by o ] ] )

squares, are compared with predictions of the simple model in Fig 7Figure 7. (a, top Fill/fail boundaries predicted by the simple model fay
Filled (open squares indicate that at least five of six examined fea- _0-3 v and(2) —0.28 V are compared o experimental fill results at over-

tures of that size were filletvoided. Crosses indicate a mixture of POtentials of approximately-0.290 V as a function of the concentration of
) accelerator in the electrolyte. Filled squares indicate trenches that filled ex-

two to four filled/voided features, likely indicating discrete pores perimentally, while open squares indicate trenches that developed voids, and
associated with roughness of the colliding sidewalls. Figure 7a comgrosses indicate mixed results, botton) Similar results for overpotentials
pares experimental results for electrolytes with l0W@gps, depos- of approximately—0.150 V. Curve(1) —0.14 V and(2) —0.16 V.

mol/L
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Figure 8. Fill/fail boundary predicted by the simple model is compared to
experimental fill results for an accelerator concentration @indol/L as a
function of the overpotentiah during deposition. Filled squares indicate

trenches that filled experimentally, while open squares indicate trenches that

developed voids, and crosses indicate mixed results.

ited at overpotentials of between0.284 and—0.306 V with fill/fail

boundaries predicted by the simple model for representative overpo-g
tentials. Figure 7b compares experimental results for electrolytes

with higherCypsa deposited at overpotentials 6f0.149 to—0.158
V along with fill/fail boundaries predicted by the simple model for

C773

Conclusions

The simple model presented here has been shown to capture the
behavior of trench filling by superconformal copper electrodeposi-
ton, predicting conditions for which fill can be expected. The simple
model has been shown to give predictions that are consistent with a
complete numerical solution, as implemented in the level-set code,
upon which this simple model is based. The simple model yields the
characteristic dependencies observed in the numerical solution, in
spite of its geometric, diffusion, and accumulation simplifications.
The computational simplicity of this model results in a code that
can, in principle, evaluate over one thousand filling problems in the
time that codes based on existing models of accumulation and
growth evaluate one problem. This speed permits the thorough
analysis of the superfill problem presented here.

The National Institute of Standards and Technology assisted in meeting
the publication costs of this article.
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