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Abstract—Sacrificial layer (SACL) coating had been proposed between IMD and capping layer is required. However, the
to protect the sealing layer of underlying copper lines during capping layer always has a dielectric constant higher than IMD,
trench etching as via-first scheme is employed for dual-damascene gd the increase of a capping layer thickness will inevitably

patterning. Because the coated SACL thickness depends on via .
size and via density, the process window is hard to identify. In this degrade the interconnect performance. Verewal. proposed

paper, the criteria for a successful SACL process are derived. A @ Method to protect the capping layer at via bottom by coating
four-step procedure for SACL process developing is also proposed. & sacrificial layer (SACL) before trench patterning [9]. An
It is suggested that shallow trench depth and medium etch rate organic-type bottom antireflection coating (BARC) is often
selectivity between inter-metal-dielectric and SACL material are sed for this purpose because it can be integrated with the
preferred.The SACL thickness in via can be adjusted by adjusting photo-resist (PR) coating and it can be used to reduce the
the overetching percentage at the SACL breakthrough step so that . .
the criteria are satisfied. The validity of the proposed criteria is surface reflection. But, materials other than B’_A‘RC Can_ als_o l_)e
proved by the very high yield of via chains with via size ranging adapted. In the SACL process, the SACL thickness in via is
from 0.27 to 0.16pm. Itis concluded that the SACL process can be important. If the SACL is too thin, the capping layer is not well
robust and can be employed to reduce the thickness of the capping protected. If the SACL is too thick, the so-called “fence” forms
layer effectively even beyond the 0.13m technology node. because of the masking effect of the SACL as shown in Fig. 1.
Index Terms—Copper, dual-damascene, interconnections. Because of the characteristics of the spin-coating process, the
SACL thickness in via depends on via size and via density
[7]. Therefore, the SACL process must be controlled very
| INTRODUCTION carefully. Otherwise, the process window may be diminished
S ULTRALARGE scale integrated (ULSI) [7], [9]-[11].
back-end-of-line (BEOL) wiring is continuously scaled In this work, the robustness of the SACL process was studied
to narrower than a subquarter micron, copper (Cu) wirintbomprehensively. The criteria for a successful SACL process are
is expected to be eventually required in the sub-Qufr8- proposed in Section Il. In Section llI, following the proposed
technology node independent of products [1]. Because Cucidteria, the process window sensitivity of each process param-
hard to be etched by a plasma system, a damascene proeésscan be evaluated and the robustness of a SACL process
had been developed as the patterning method. Several scheraesbe examined. In Section IV, two double-metal examples
to form dual-damascene structures, such as via-first (VRr global wiring and local wiring were presented to demon-
trench first, and embedded hard mask, etc., have been propastesite the validation and application of the proposed criteria. Via
[2]-[6]. The advantages and disadvantages of these schemtesins with low via resistance and very high yield were obtained
had been reviewed by Verove [7]. Among these schemes, ¥6f both examples. Since the minimum via size is only Quir§
scheme had been suggested as the best one due to its scalatiiitye examples also demonstrate the scalability of the SACL
and its tolerance to misalignment [7], [8]. process to beyond 0.13m technology node. A conclusion is
The VF scheme consists of three main process steps: 1) thian given in Section V.
patterning through the whole inter-metal-dielectric (IMD) to
stop on the capping layer of the underlying Cu lines; 2) trench II. CRITERIA FOR SUCCESSEULSACL PROCESS
patterning without etching through the capping layer at the via ) . ,
bottom: and 3) soft-etch to remove the capping layer at via The SACL thickness in via a_lfter trench e@chmg for.a suc-
bottom. Since the capping layer at via bottom is exposed ¢gssful SACL process must satisfy the following two criteria:
plasma during the whole trench-etching period, the capping o
layer must be thick enough and a high-etch rate selectivity Criterion 1AL =Tsac,min > 0
Criterion 2:AH =TsA¢,max — Hvia min <0
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Fig. 2. Schematic drawing of the process steps of a successful SACL process:
(a) after via patterning, (b) after SACL coating; (c) after trench photo-resist
(b) patterning and SACL breakthrough; and (d) after trench etching. It should be

Fig. 1. (a) Cross-sectional scanning electron microscope (SEM) microgrﬁ?{ed that the SACL must remain in via but its thickness must be lower than via

of the so called “fence.” (b) Schematic drawing of the “fence” formation due eight.
the masking effect of SACL.

and

at the top corner of the via no matter if etch-stop-lgyer is used Tsac.m = Tsac.mo — Tsac(l + OEsg) * (1 — Usg)
or not and theffv1a min Should be calculated from via bottom ]
to the lower corner of the facet. respectively. _ S

Several processes, including SACL coating, SACL break- During the_ trench-etching step, the SACL in via will be re-
through, trench etching, and IMD thickness, affect the values @§Ssed continuously. Lé&R r, ERsac, Urr, Usac be the
T5AC mins TsAC max, ANAHy1a min. TO link these processes to€tch rate of IMD, the etch rate of SACL, the etch rate unifor-
the criteria, the effect of these processes on the SACL thickn&iy of IMD, and the etch rate uniformity of SACL at the trench-
must be considered step by step. Fig. 2 shows the schem&ifing step, respectively. Assuming the thickness of IMDys
drawing of the process steps of the VF scheme. After vind the uniformity id/p, the time to reach the targeted trench
etching, the SACL layer is spin coated on the wafer followe@€PthTrr istrr = Trr/ER1r. The thinnest and the thickest
by the photo-resist coating and patterning. The as-coated thig@CL thickness in the via after trench etching become
ness of SACL in the via depends on via size and via density. Tsac.min = Tsac.L1 — trr * ERsac * (1 + Usac)
Although the dependence is a function of SACL material and
coating condition, the thinnest SACL thickngg§ac,z.0) and and
the thickest SACL thicknes&Isac mo) always occur at the
most isolated via and the densest via, respectively. Therefore,
0n|y these two extreme cases have to be considered. respectively. It should be noted that the trench width ranges from

Before the etching of IMD, the SACL on IMD at the trencHthe minimum design rule to several tens of microns; the three
area must be removed at first. It can be done by a blanket SAgiformity parameters/sg, Urr, andUsac, must take the mi-
etch-back step before PR coating or by an SACL breakthrougfploading effect and the aspect-ratio-dependent-etching effect
step after PR developing. The maximum thickngEs,¢) oc- into consideration. The via height after trench etching depends
curs at the region which is free of via and is equal to the thicRn the IMD thickness and the trench depth. Because these two
ness on the blanket wafer. Let the etch rate uniformity of tH§ocesses are performed in different tools, the within wafer uni-
SACL remove step b&sg and the overetching percentage b&rmity map of both processes must be known to determine the
OEsg, the thinnest and the thickest SACL thickness of SACminimum via height after trench etching. For the single wafer

in the via after the SACL remove can be expressed as deposition tool and dry etching tool, the within uniformity al-
ways shows a radioactive pattern. Two possible combinations

Tsac,1 = Tsac,zo — Tsac(l + OEggr) * (1 + Usr) are considered. In the first case, a high IMD deposition rate re-

Tsac,max = Tsac,m1 — trr * ERsac * (1 — Usac)
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TABLE |
PROCESSPARAMETERS USED IN THE PROPOSEDCRITERIA. VALUES LISTED IN THE FIRST ROW ARE USED AS THECENTRAL CONDITION FOR PROCESS
SENSITIVITY ANALYSIS (SECTION III). V ALUES LISTED IN THE SECOND ROW AND THIRD Row ARE USED IN DEVELOPING THE GLOBAL WIRING AND
LocAL WIRING PROCESSESRESPECTIVELY (SECTION V). TBA: PARAMETERS TO BE ADJUSTEDSUCH THAT THE CRITERIA ARE SATISFIED

TsacLo| Tsacho| Tsac|OEsr| Usr | Tp | Up | Trr | ERtr | Urr| ERsac |Usac| Tra
(nm) | (nm) |[(nm)| (%) | (%) |(nm) | (%) |(nm)|(nm/min)| (%) [(nm/min)| (%) |(nm)
Sensitivityl TBA | TBA | 140 | 20 | 10 |1500| 10 | 750 800 10 160 10 {150

~

Analysis
Global | 456 | 755 | 140 |[TBA| 12 |1550| 9 |810| 750 |13 | 167 12 |240
Wiring
Local | 257 | 446 | 60 |TBA| 12 |820| 9 |380| 750 9 167 10 |100
Wiring

gion is in conjunction with a low IMD etch rate region and the [ll. PROCESSSENSITIVITY ANALYSIS

low IMD deposition rate region is in conjunction with the high o
IMD etch rate region. The two processes are with negative as-1 '€ CriteriaAL > 0 andAH < 0 can be used to analyze

sociation and the lowest via occurs at the region of the thinnd@g Sensitivity of process parameters on the process window of
IMD region. The minimum via height can be expressed as the VF scheme. They can also be used to determine the most

critical parameters to improve the process window. The central
Hyvia,min =Tp(1 = Up) — Trr(1 + Urr) —Tra (1) condition of all of the process parameters used in this section
whereTy, is the facet height at the via corner. is listed in the first row of Table I. In this analysis, positive as-

Another possible combination is that the high IMD depositioﬁocialtion between IMD thickpess apd trench-etch rate are as-
rate region is in conjunction with the high IMD etch rate regiofiuMed- Therefore, thefyrs i is obtained by the smaller value

and the low IMD deposition rate region is in conjunction wittPf (22) and (2b). Because tfig is around half of thd'p, the
the low IMD etch rate region. The two processes are in positif&Via,min i usually determined by (2b). .
association now. Although the lowest via in this case dependsTh€ impact of the targeted trench depth was examined at

the lower value of the following two regions: from 650 to 900 nm, while the other parameters were kept at

the central condition. Fig. 3 shows the calculaigdc 1o and
Tsac,mo as afunction of the ratio of the targeted trench depth to
Hyiamin = Tp(1 +Up) = Trr(1 + Urr) —Tra  (22) the IMD thicknesgTrr /1p) such thatthe criteria are satisfied.
The Rsac, which is defined angAC’HO — TSAC,LOy is also
shown in the figure. It is observed that tiigac 1o increases
and theTsac,mo decreases as thErg/Tp ratio increases.
Hviamin =Tp(1 —Up) — Trr(l — Urr) — Tra. (2b) The Rgac decreases from 550 to 310 nm as e /T ratio
increases from 0.47 to 0.60, respectively. This result indicates
that the process window can be greatly improved by reducing
Criterion 1:Tsac. o >Tsac(l + OEsgr) * (1 + Usr) the trench depth to the IMD thickness ratio. It is known that
+ trr * ERsac * (1 + Usac) the d(_asign rule of trench depth is determ_ine_d_ mainly by the
electrical performance and the metal reliability. The above

1) high deposition rate and high etch rate

and
2) low deposition rate and low etch rate

The criteria are now expressed as

>0 indication suggests that under the circumstance that electrical
Criterion 2:Tsac,m0 <Tsac(l + OEsr) * (1 — Usr) considerations are satisfied, a thinner metal layer results in a
+ tTr * ERsac * (1 — Usac) wider SACL process window. In fact, a thinner metal layer
— HVIA min is also preferred to lower the intraline capacitance.
i Fig. 4 shows thésac 1o andZsac, mo as a function of the
or etch rate selectivity of IMD to SACISE = ERrr/ERsac)
Criterion 1:AL =Tsac.zo — Tsac(1 + OFsg) during the IMD etching step. The other parameters were kept

at the central condition. It is observed that by decreasing the

*(1+ Usr) — trr * ERsac SE from 6 to 3, botlsac.ro andTsac. mo Were reduced by a

* (14 Usac) >0 similar amount such that thBs ¢ is decreased a little bit. As
Criterion 2:AH =Tsac,m0 — Tsac(l + OEsr) the SE approaches one, the required SACL thickness increases
(1 — Usg) — ttr * ERsac and theRg ¢ decreases dramatically. One may expect a low SE

such that the possibility of fence formation is lower. However,
a lower SE requires thicker SACL in via and a smaller SACL
These two criteria link all of the process parameters réhickness difference between isolated via and dense via; other-
lated to the SACL process together. wise, the capping layer at the bottom of the dense via may be

* (1 = Usac) — Hvia,min < 0.
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Fig. 3. The calculatedsac,ro, Tsac,mo, and Rsac as a function of the Fig. 5. The calculate@sac. Lo, Tsac,mo, and Rsac as a function of the

ratio of the targeted trench depth to the IMD thickngBsx /T ). The other  overetching percentage at the SACL breakthrough @HPsk ).
process parameters are listed in the first row of Table I.
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Fig. 4. The calculate@sac, o, Tsac, o, and Rsac as a function of the (Up) or the trench-etch rate uniformity/rr).
etch rate selectivity between IMD and SACL at trench-etch step (SE). The other

process parameters are listed in the first row of Table I. Fig. 6 shows the effect df;, and U on theRgsac. In our

experience, these two parameters ranges from 5% to 15% and

etched through. This means that low SE is not necessarily tiepend on equipment and recipe. It is known thataffects the
best choice to expand the SACL process window. criterion of AH < 0 through theHv1a min but does not affect

The effect ofOEsg is shown in Fig. 5. Thelsac 1o and the criterion ofAL > 0. Therefore, poot/p results in higher
Tsac, mo increase with the increase Oftisg, while theRsac is  Hvyria min Which in turn results in smalleiRs ¢ assuming (2b).
almost unchanged. This feature implies that if the SACL thiclon the contrary, podirg results in lowetHy1a min and larger
ness inviais too thick, a suitabl®.sr can be adapted to reduceRsac. These results indicate that from the viewpoint of SACL
the SACL thickness such that the criteria are satisfied as longmscess window, thé&p is more important than th&rr be-
the SACL thickness between isolated and dense vias is smatlause poot/, reduces the SACL process window but pbafz
than theRsac. Any SACL process resulting in a suitable thickincreases the SACL process window. Certainly, géeg, is not
ness range with sufficient SACL thickness can be used for theeferred because it will result in higher trench depth variation.
SACL process. Since higher SE results in a thiflhgfc .o and  The effect ofUsg andUsac is shown in Fig. 7. Thegac de-
Tsac,mo as shownin Fig. 4, medium SE combined with suitablerease with the increase bkr and Usac. However, the de-
OEgsr allows more SACL materials and wider SACL coatingrease ofRsac is only 30 nm. It is thus determined that the
conditions. Usr andUsac are not important in the SACL process.



TSUl et al: PROCESS SENSITIVITY AND ROBUSTNESS ANALYSIS OF VIA-FIRST DUAL-DAMASCENE PROCESS 311

480

460

SACL Thickness Range (nm)

Fig. 9. Cross-sectional TEM micrograph of the global wiring via chain
fabricated by the VF scheme with SACL process. The via diameter isiGr27
at via bottom. The “fence” free profile was obtained.

440

5 7 9 11 13 15
Uniformity (%) the. SACL.pr.ocess: 1) tofind an gccgptable trench-etching recipe
which satisfies all of the specification of trench etching; 2) to
Fig. 7. Calculated®sac as afunction of the SACL etch rate uniformify/sr ) characterize the parameters related to the SACL process; 3) to
at SACL breakthrough or the SACL etch rate uniformity at trench-etch stegalculate the lower bound and upper bound of SACL thickness
(Usac)- invia; and 4) to find the suitable SACL material, coating recipe,
1000 andOEgg such that the criteria are satisfied.

IV. APPLICATIONS OF THECRITERIA

600 Two examples are presented in this section to demonstrate
the application of the proposed criteria. The first example is a
B double-layer global wiring process with Oufn metal pitch and
% 200 0.274:m via diameter. The second example is a double-layer
@ local wiring process with 0.3@4m metal pitch and 0.16:m via
S diameter. Both processes were developed for the multilevel in-
2 200 terconnect at the 0.13m technology node and beyond. The de-
= signrules and the characterized process parameters used in these
two examples are listed in the second and third rows of Table |
-600 for global wiring and local wiring, respectively.
1000 . . A 1 . A. Global Wiring: 0.70xm Metal Pitch/0.27xm Via

After the CMP of the underlayer Cu interconnect, an 85-nm-
thick SiN layer was deposited as a dielectric barrier of the un-
derlying Cu wires. It also serves as an etch-stop layer of via
Fig. 8. Calculated\ H andA L of the example of global wiring as a function patterr_nng._FIuorlnated silica glass (FSG) of 1,58 thick was
of the overetching percentage at the SACL breakthrough @by, ). The ~ deposited in an HDPCVD system as the IMD followed by a
other process parameters are listed in the second row of Table I. 56-nm-thick dielectric antireflection layer (DARL) deposition.

No etch-stop-layer for trench etching was used. The via was

Since the SACL layer is used temporarily and it does not ghatterned through the whole IMD at first. The via diameter is
fect the remaining processes after trench etching, there is a wid27 xm at via bottom. The SACL was then spin coated to a
freedom to adjust the thickness of SACL in visfc,ro and thickness of 140 nm at the blanket area. The thickest and the
Tsac, mo) by choosing suitable SACL material and/or by tuninghinnest SACL in vias determined by scanning electron micro-
the coating recipe such that the above critetdd.(> 0 and scope (SEM) inspection are 755 and 456 nm, respectively. Since
AH < 0)are satisfied. On the other hand, an acceptable treneli-parameters except thekisg are fixed, the only adjustable
etching recipe must satisfy many requirements other than thgegameter is th®Fgg . Fig. 8 shows the calculatedlH andA L
considered in the criteria—dimension control, profile controgs a function ofOEgg. It is observed that both criteria can be
etch rate, and good uniformity for example. Minimizing the misatisfied as th®Egg ranging from 10% to 60%. Therefore, the
croloading effect and the aspect-ratio-dependent-etching eff@disg is determined to be 30% in real process. Fig. 9 shows the
is another requirement in the case of without etch-stop-layeross-sectional transmission electron microscope (TEM) micro-
Therefore, the flexibility to change the trench-etching recipe ggaph of this double metal structure. Perfect dual damascene
much lower than that to change the SACL coating recipe. Bagabfile without “fence” was achieved. The cumulative proba-
on these concepts, a four-step procedure is proposed to devélitify of via resistance measured on via chain with 20 000 vias

0 20 40 60 80
SACL Over Etch (%)
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L Fig. 12. Cross-sectional TEM micrograph of the local wiring via chain
fabricated by the VF scheme with SACL process. The via diameter isiG116
0 at via bottom. The “fence” free profile was obtained.
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Fig. 13. Cumulative probability distribution of via resistance of the local
600 wiring via chain. The low resistance, high yield, and tight distribution indicate
that the process is well controlled.
1000 ) . ) ) . , of more than 80% is required to I&¢H < 0, while anOEggr

of less than 140% is required to ke&. > 0 . Because the
etch rate of PR is close to that of SACL, it is impossible to
SACL Over Etch (%) breakthrough the SACL after PR patterning with such a heavy

overetching. A blanket etching back of SACL to a 100M6sr

Fig. 11. Calculated\ H andA L of the example of local wiring as a function ; _ ; ;

of the overetching percentage at the SACL breakthrough &8psr ). The was ?hosen' Fig. 12 shows the cross-sectional TEM mlcrograph

other process parameters are listed in the second row of Table |. of this double metal structure. Perfect dual damascene profile
without “fence” was achieved again. The cumulative probability

is shown in Fig. 10. The low via resistance, 100% yield, an%{lv'a rgsEFanlcg r_?ﬁasgred qntwa cha||n Wlthch 0 0?% V'ﬁs 7\/?5

tight distribution indicate the process is well controlled. shownin Fig. 1s. The via resistance Is lower than .o ohmivia

and the yield is 100%. These results not only confirm the va-

B. Local Wiring: 0.36zm Metal Pitch/0.16:m Via lidity of the proposed criteria but also indicate that the SACL

The SiN capping layer on the underlying Cu wires is 50 n@gﬁﬁglsoginnt;zgsed with the V- scheme even beyond.0nl.3
thick. The IMD is still FSG but the thickness is 820 nm thick '

now. A 56-nm-thick DARL was still used to reduce the reflec-
tivity. No etch-stop-layer for trench etching was used again. The
diameter of via at bottom is 0.16n. The SACL was spin coated The SACL process had been proposed to be used in the VF
to a thickness of 60 nm at the blanket area. The thickest agtheme to protect the capping layer at the via bottom during
the thinnest SACL in via determined by SEM inspection arfgench etching for several years. It is usually criticized that the
446 and 257 nm, respectively. Fig. 11 shows the calculAtAd process window is hard to identify. In this work, we proposed
and AL as a function ofOEgg. It is observed that a®Esg  two criteria to link all process parameters related to the SACL

60 100 140 180

V. CONCLUSION
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process. According to the criteria, process parameters sensitir
to the SACL process window can be evaluated. It is sugges!
that the combination of shallow trench depth and medium et
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