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The cleaning solutions augmented with tetraalkylammonium hydroxi@@aHs) with various chain-lengths of hydrocarbon
substituents were developed for post-poly-Si chemical mechanical poli@iv@) cleaning. The cleaning performance with
respect to particle, organic, and metal removal as well as surface roughness was evaluated for a series fDI3%oNitlons

dosed with 0.26 M of a TAAH and 100 ppm of ethylenediaminetetraacetic (&EXTA). The experimental results demonstrated

that the cleaning solutions enhanced with these surfact@aA#&H) and a chelating agetEDTA) achieved significantly better
removal efficiencies of particle and metal impurities than the control solution containing 3¢@idnly. A conceptual model
involving surface adsorption and double-layer formation was used to postulate the aqueous-phase surface interactions between the
tetraalkylammonium cations and the poly-Si surface, and to explain the removal mechanisms of particle and metal impurities from
the surface. The improved electrical propertiesrrent density-electric field and charge-to-breakdown characteyisticthe
post-CMP capacitor after cleaning further demonstrated the reliability and feasibility of the proposed cleaning recipes.
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The increasing complexity and miniaturization of modern inte- poly-Si CMP and the subsequent cleaning methods is scarcely avail-
grated circuits demand a high device yield, meaning that lower de-able. This is a particular concern because the CMP process is a
fect density in the active region of silicon devices is a nece$gity. proven technology to improve polyoxide quality by reducing the
For instance, the reliability of nonvolatile memory devices such assurface roughness of the deposited poly-Si fiftget the post-CMP
EEPROM, EPROM(electrically erasable and erasable program- cleaning efficiency continues to be a problem. Pietsthl! of-
mable read-only memory, respectivglyand flash memory is fered an explanation by postulating that the hydrophobic Si-H bond-
strongly dependent on the polyoxide quality characterized by lowing would remain on the poly-Si surface after polishing with alka-
leakage current and high breakdown electrical field to prolong theirline slurry. As a consequence, both the abrasives and the metallic
data retention capabilities. Inadequate control over the thicknessontamination on the hydrophobic poly-Si surface cannot be effec-
uniformity and surface roughness of the poly-Si layer directly leadstively removed by the alkaline cleaning solutions.
to defect formation on the poly-Si/polyoxide interface, thus severely To overcome the difficulty of post-polishing particle removal
degrading the electrical properties. In recent years, the chemicalrom the hydrophobic poly-Si surface, it is preferable to operate the
mechanical polishingCMP) process has been widely accepted as cleaning process under a slight etching condition of wafer sutface.
the mainstream planarization technique in the fabrication of deepgn the present study, several tetraalkylammonium hydroxides
submicrometer integrated circults light of its capability to reduce  (TAAHS) with various chain lengths of hydrocarbon substituents
surface roughness. However, as the device’s dimension continues twere added to the N¥DH-based cleaning solution. These surfac-
scale down, the requirement for post-CMP cleaning becomes intants included TMAH, tetraethylammonium hydroxiEEAH), tet-
creasingly more stringent to ensure high device yield. rapropylammonium hydroxidéTPAH), and tetrabutylammonium

The brush-scrubbing technique in combination with dilute am- hydroxide(TBAH). The aim of this study, therefore, is to investigate
monium hydroxide solution has been employed for many years andhe influences of the added surfactants on the hydrophilicity and the
was considered among the most effective methods for removingetching rate of the poly-Si surface, as well as the possible interaction
particles after the CMP proce$slumerous studies focusing on im- mechanism between TAAH cleaning solution and the poly-Si sur-
proving oxide layer CMP as well as the post-CMP cleaning effi- face. The overall cleaning performance of the solutions can be
ciency have been reportéd.Jolley reported that the solution con- evaluated by analyzing the particle, organic, and metallic impurities
taining tetramethylammonium hydroxide(TMAH) showed remaining on the surface after cleaning. Furthermore, measurement
enhancement of metal removal, and had little effect on the surfacef the electrical properties of the capacitors can also provide valu-
roughness for post tungsten-CMP cleaning as compared to ammable information to the specific roles of the various
nium hydroxide solution. Cady and Varadar&jafso proposed that tetraalkylammonium-containing solutions during post-CMP clean-
the alkaline solution containing TMAH could replace the traditional ing of poly-Si surfaces.
multisteps cleaning method. The important merits of their proposed
cleaning methods are low water consumption, high throughput, and
effective particle removal. Our previous stddgiso indicated that
the NH,OH solution spiked with TMAH and a chelating agent was
more effective for metal removal. Nevertheless, despite the favor- Materials and cleaning solutions-p-Type silicon waferg(100);
able results exhibited by the TMAH-containing solution for post- resistivity 15-25( c¢m) of 15 cm diam were used for device fabri-
CMP cleaning, the possible surface interactions and cleaning mechaation and cleaning experiments in this study. The compositions of
nisms remain to be elucidated. the water-based cleaning solutions are specified in Table I. With the

In Comparison to post_oxide_CMP C|eaning, information on exception of the control solution, all other solutions were dosed with

a predetermined concentration of TMAHAw 91), TEAH (Mw
147), TPAH(Mw 203), and TBAH(Mw 259), and were spiked with
. . ! ethylenediaminetetraacetic adielDTA, Mw 292) having four pK;
o Elgﬁi{gﬁﬂiﬁ:ﬁi{ 23323 i@fﬁi”ﬁ,.“e”n‘ig‘ebf“ values(i.e., 1.99, 2.67, 6.16, and 1026 All reagents used were of
Z E-mail: tschao@ndl.gov.tw electronic or higher grades from Meré¢Rarmstadt, Germany

Experimental
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Table I. Various cleaning solutions used for post-CMP cleaning. FA L O B B L L L L
. . r —e— A (Contro}) ]
Solution NH,OH Tetraalkylammoniun{0.26 M) EDTA pH 80 | B (TMAH+EDTA) ]
A 3% 0 0 12.58 [ —s=— C(TEAH+EDTA) ]
B 3% 2.38% TMAH 100 ppm 12.75 20 [ —o — D (TPAH+EDTA) ]
C 3% 3.84% TEAH 100 ppm 12.85 N -4 E(TBAH+EDTA) ]
D 3% 5.31% TPAH 100 ppm 1280 & [ b
E 3% 6.77% TBAH 100 ppm 1240 T 60 a 1
‘E() - 4
& [ ]
< 50 i
. . . . . -
Capacitor fabrication and cleaning proceduresFigure 1 de- 2

scribes the fabrication process, including the cleaning procedure, fo*g a0l
a capacitor. A 5000 A buffer oxide was thermally grown on the ©
silicon substrate, and a poly-Si film of 3000 A thicknépsly-Si-I) \ ]
was subsequently deposited on the oxide in a low-pressure chemic: 30 k‘ .. 1
vapor depositioiLPCVD) system. The poly-Si film was doped with
POCE at 875°C for 17 min, providing a resistivity of 40-&0 cm. 20 | b 4 % y ):).:g“‘, .a.
The poly-Si film was then polished on a Westech polisfmodel 2
372M) with diluted Cabot SC-1 slurry to remove 500 A poly-Si.
After the CMP process, the wafer was treated by spraying with 3%
NH,OH solution with 0.95 MHz megasonic, followed by dispensing
the various cleaning solution@able 1) with a PVA [poly (vinyl
alcohol)]brush. The RCA cleaning was then performed to complete
the cleaning operation. Afterward, an inter-polyoxide layer of 120 A
was deposited on the poly-Si-I by growing tetraethylorthosilicate
(TEOS)in LPCVD, and the samples were annealed in a rapid ther- Instrumental analysis and electrical characterizatierThe

mal rea_ctor(950°C, 30s,in N gmblent). Subsequently, a poly-Si-ll cleaning performance of the wet cleaning recipes specified in Table
layer with 3000 A was deposited and P@@bped to 40-80) cm | \yas evaluated by various surface analytical methods, including
resistivity. After the poly-Si-Il layer was defined, an oxide was again measurements of the contact angle and the trace impurities. The
the_rmally grown to 1000 A by_ wet oxidation: Contact holes were contact angles were measured by injecting one dfopl mL) of
defined and opened, and Al film was deposited and patterned. Figjeaning solution onto the poly-Si surface, which had been previ-
nally, the wafers were sintered at 350°C for 30 min ipdnbientto  ysly treated with dilute HF solution to remove native oxide. Then
complete the capacitor fabrication process. the image of the liquid drop on the wafer surface was recorded and
analyzed. The residual particle>0.2u.m) after cleaning was
counted by the Tencor Surfscan model 4500 system. The residual
organics was determined with the Hitachi thermal desorption system
(TDS) model UG-21 in conjunction with the atmospheric pressure
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Figure 2. Contact angles for the cleaning solutions as a function of time.

ionization mass spectrometéAPIMS) model UG-400P. The de-
5 i 3 3 sorption temperature of the TDS-APIMS was ramped from room
‘ & z = Poly-Oxide 120 A temperature to 600°C at 10°C/min. The surface outgassing was ana-
i;,,*_ # }fggy.i«!ﬁl;w ) "_ ol lyzed atm/z 30, 44, and 58. The metallic impuritiéSa, Fe, Cu, Zn,
LA [ A2 - S and K) were determined using the Rigaku total reflection X-ray
fluorescence spectrometéF XRF, model 3700)with an incident

Wet Oxide 5000 A o
; angle of 0.07°. The detection limits are>5 10, 5 x 10°, 5

X 10°, 3 X 10°, and 10 for Ca, Fe, Cu, Zn, and K, respectively.
P-type (100) The polyoxide thickness of the capacitor was obtained using a Kei-
thley C-V (capacitance-voltagesystem. The electrical properties of
the polyoxide, including the current density-electric fi€ldE) and

the time-dependent dielectric breakdowhDDB) characteristics,
were also measured by using a Hewlett-Packard HP-4145B semi-
conductor parameter analyzer.

[ P-type Wafer ]—b[ Wet Oxide 5000 & ]—»[ Poly-Si- I 3000 A ]—> Results and Discussion
Effects of cleaning solutions on poly-Si surface character-
L POCI, Doped ]_,[ CMP (Removed 5004) ]_,[ Post-CMP Cleaning > istics.—The physical and chemical interactions between the poly-Si

surface and the TAAH-containing solutions strongly dictate the post-
CMP cleaning performance of the solutions. One of the most useful
[ RCA Clean ]_.[ Poly-Oxide 120 & ]_,L Poly-Si- 3000 A ]_, parameters characterizing the surface modification is the contact
angle(6) measurement. As shown in Fig. 2, the decrease in contact
angle as a function of time is due to tkglow) reoxidation of the
L POCI; Doped ]—»[ Mask I }—»[ Wet Oxide 1000 A ]—> poly-Si surface by @ present in the different cleaning solutions. In
addition, the control solutiorisolution A, containing 3% NKOH
only) exhibited the largest contact angle. This result reflects the
[ Mask I ]—»[ Al Deposition }—»L Patterning 1 hydrophilic nature of solution A because the surface structure of the
poly-Si layer is predominantly hydrophobic in Si-H bonding. The
Figure 1. Capacitor structure and the fabrication steps for polyoxide capaci-extent of hydrophilicity for solution Bwith TMAH) laid between
tors using the CMP process. those of solution A and solutions @vith TEAH), D (with TPAH),
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Figure 3. Surface adsorption model for
Jon-pair fon-pair Ton-pair lon-pair ) (a) cleaning_ solutions andb) double-
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and E (with TBAH), whose 6 values significantly decreased and removal from the poly-Si surface due to the reduction of interfacial
clustered closer to each other as time progressed. This phenomenattraction. On the contrary, the NBH in solution A hardly pen-
can be explained by the surface adsorption model schemed in Figetrates into the particle-surface interfacial region because of its hy-
3a. This figure illustrates that the longer chain lengths of alkyl drophilic characteristics, and hence could not remove partipias
groups in solutions C, D, and Eorresponding to carbon numbers ticularly of hydrophobic natuneas effectively.

of 2, 3, and 4, respectivelytend to form stronger van der Waals In order to satisfy the total cleaning criteria of the TAAH-
attraction force with the poly-Si surface, whereas solutions A and Bcontaining solutions, the residual organic and metallic impurities
(carbon numbers 0 and 1, respectivedkhibit weaker interaction  were also analyzed with TDS-APIMS and TXRF techniques, respec-
with the surface. By further adapting the Stern-Gouy-Chapmantively. The results indicated that the peak intensities of residual
model for surface adsorption and double-layer formation, we pos- C,Hs, C3Hg, and GH, after cleaning with solutions B, C, D, and
tulated that the tetraalkylammonium cations of TEAH, TPAH, and E were in the range of one- to twofold higher than those cleaned
TBAH were first adsorbed onto the poly-Si surface. This positively with solution A. However, the differences of these peak intensities

charged layer is referred to as the “primary layer,” as shown in Fig. became insignificant when RCA cleaning was performed following
3b. The second layer, in opposition, was negatively charged with the

anions(e.g., hydroxide). Consequently, the ion pairs from TEAH,
TPAH, and TBAH were formed in the bulk layer. This model is also
useful to vindicate the origin of surface roughness for each cleaning
solution, as is discussed later in the paper.

14 | 3

The physical and chemical properties of poly-Si after CMP and ~ 12 [
cleaning.—The particle number and surface roughness were charac g
terized for the poly-Si surface after the post-CMP cleaning process > ]
Figure 4 presents the results of residual particle numbers after clear % 10 | 1
ing with each type of solution. Evidently, the TAAH-containing so-
lutions manifested much improved particle removal capability as
compared to the solution without TAAKi.e., solution A). In an
attempt to justify these results, we hypothesized the possible surfac
interaction with two types of particles having either hydrophilic or
hydrophobic nature, as illustrated in Fig. 5. It has been previously
documentet? that the zeta potentials of particle and poly-Si sur-
faces are both negative at pHl2, a condition normally attained by
solutions containing TMAH. As a result, the hydrophobic particle
shows stronger interaction with the hydrophobicity of the poly-Si

(o]
LI
!

Particle Number (parti
(=)}

surface than the hydrophilic particle, and is more difficult to remove

from the surface. From this perspective, the TAAH components in L

solutions B, C, D, and E become critical to the removal of hydro- ol

phobic particles by penetrating into the particle-surface interfacial A B C D E

region. As mentioned earlier in Fig. 3, the tetraalkylammonium ions

are effectively adsorbed onto the poly-Si surface as well as the parrigure 4. Number of particles remaining on the polished poly-Si surface
ticle surface. This surface adsorption phenomenon facilitates particlafter cleaning with various solutions.
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Type 1 Type 11

Figure 5. Schematic representation of
surface adsorption phenomenon of hy-
drophobic and hydrophilic particles on
poly-Si surface.
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the post-CMP cleaning with the various TAAH solutions. Further- time. Therefore, it is imperative to evaluate the potential effect of
more, no deterioration in the electrical properties was observed fothe TAAH solutions on surface roughness. Figure 6 presents the
the capacitors at the level of residual organics. With regard to theresults of the poly-Si surface roughness measurement as well as the
control of metallic contamination, the 1999 International Technol-

ogy Roadmap for Semiconductqi¥RS) specifically recommended

that the control limit for surface metal should be at least four orders

2
of magnitude more critical than that for organic contamination. In 10 R B Y-
this study, the metallic impurity on the poly-Si surface was below 100 b Positive Bias P of]
the TXRF detection limit for all cleaning solutions except solution — A /

A. The metal levels detected on poly-Si using cleaning solution A 100 F
are approximately 1§ atoms/cr. It was found that the metal cat- F
ion and the adsorbed tetraalkylammonium cation were of the sam¢  107F
charge type; hence, the electrostatic repulsive force helped the re
moval of metal ions. However, the electrostatic interaction was not
sufficient to explain the removal of metal oxidés.g., chromium

oxide, iron oxide). The more plausible removal mechanism can be
ascribed to the presence of chelating agent in the cleaning solution
namely the EDTA(100 ppm). Under alkaline conditions (pH E
> 12), the hydrogen ion was fully dissociated from EDTA due to 10°F
its pK, value (pK, = 10.26). As a result, the EDTA in the solutions E
formed a hexadentate coordination with the surface metal, thereby
efficiently removing them from the poly-Si surface. This result was
consistent with our previous examinatfothat spiking with low E
dosage of EDTA in cleaning solutions was beneficial for metal 10 F

102 g

%)

10°f

J(A/em

104 ;

107

removal. 3
Yet another important factor influencing the device yield is the owr——

surface roughness. Tardif and co-workérsave reported that the 0 5 10 15

charge-to-breakdown of their capacitor increased initially with the (@) E (MV/cm)

dipping time in hydrofluoric acidHF) solution due to improved
surface suitability; however, it gradually degraded because of the

increase in surface roughness caused by excessively long dippin 10’ AU I L I T l
100 b Negative Bias %;P;ﬁ AN
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Figure 6. The poly-Si surface roughness and etching rate after post-CMPFigure 7. The J-E characteristics for the top gate applied wéhpositive
cleaning with various solutions. and (b) negative bias using different solutions for post-CMP cleaning.
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Figure 8. The breakdown field distribution for the top gate applied wih

positive and(b) negative bias using different solutions for post-CMP clean- Figure 9. The charge-to-breakdowiQ%,) characteristics unde) positive

Ing. and (b) negative constant current density stress.

wet etching rate for the cleaning solutions. It was found that the

surface roughness exhibited strong correlation with the etch rate,

suggesting that the degree of roughness formation was primarily Electrical properties of capacitors after cleanirgFigure 7a
dictated by etching rate. This figure also indicates that the TMAH-and b shows the typical J-E characteristics under positive and nega-
containing solutior(solution B)had appreciably higher etching rate tive biases, respectively, for the capacitors cleaned with the various
than the others. This result can be attributed to the strong adsorptioMAAH solutions. The electric fieldE) was obtained b = V/T,

of tetraalkylammonium cations of the long-chain TAAHe.g.,  whereV is the applied voltage ar@ represents the effective oxide
TEAH, TPAH, and TBAH in the “primary” layer, as illustrated in  thickness determined by C-V measurement. The results show that
Fig. 3, preventing direct etching of the surface by the hydroxidesthe capacitors cleaned with solutions C and D generally demon-
existing in the second and bulk layers. In contrast, the cations in thestrated higher electric breakdown field and lower leakage current
TMAH-containing solution only weakly interacted with the poly-Si than those cleaned by other solutions for either positive or negative
surface, so the wet etching by the hydroxide occurred much morejias. Further investigation of the breakdown field distributiBiy.
readily. Furthermore, the lower etching rate of solution A was due tog) indicates that the polished poly-Si-I film cleaned with solution D
the highly hydrophilic nature of NFOH relative to the hydrophobic  showed the highest positive and negative electric breakdown fields
poly-Si surface. Consequently, the \NBH (or hydroxide)could not than the others. This result was an apparent consequence of the
effectively approach the surface, resulting in a lower etching ratefavorable performance by solution D with respect to low degree of
than solution B. poly-Si surface roughness and effective particle removal.
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Figure 11. The centroids of trapped chargeX;) of different solutions for

Figure 10. The gate voltage shiftgs.time for post-CMP capacitors cleaned post-CMP cleaning at variousV, and —V, injection times.

with different solutions.

To investigate the polyoxide reliability, charge-to-breakdown after the CMP process was much rougher than that of other solu-
(Q,9 measurements were performed on the capacitors. In Fig. gdions; therefore, centroids moved away from the polyoxide/poly-

and b the Weibull distributions are shown under positive and nega>i-l interface.

tive constant current density at50 and —20 mA/cn? stress, re-
spectively. The distribution for the post-CMP capacitor cleaned with
solution D showed a slightly highed,q due to higher particle re- The cleaning performance of the various TAAH-containing solu-
moval efficiency and a smoother poly-Si surface in the polyoxide. Ittions and the effects of hydrocarbon chainlength on the tetraalkyl-
is clear that the capacitor with polished poly-Si-I had a higBey ammonium cgtions were invgstigated in this stqdy. It was found that
than unpolished poly-Si-1l. This observation indicates that polishedoverall cleaning efficiency with respect to particle, organic, metal,
poly-Si-l was a smoother poly-Si-l/polyoxide interface and that the and surface roughness could be significantly improved over the use
unpolished poly-Si-ll was a rougher polyoxide/poly-Si-1l interface. of conventional NHOH solution. These improvements were mainly
Figure 10 depicts the charge-trapping characteristics of the polishedue to surface modification by adsorption of tetraalkylammonium
poly-Si films cleaned with various solutions. Obviously, the gate ions that facilitated removal of microcontaminants. The chelating
voltage shift of these solutions increased with timerat, and -V, agent(EDTA) in the solution was also instrumental in the removal
constant current stress. These figures also reveal that capacitors wifif surface metals. Electrical characterization of the post-CMP ca-
solution D cleaned after the CMP process exhibited a smaller volt-Pacitors cleaned with the TAAH-containing solutions further con-
age shift than those cleaned with the other solutions. This improvefirmed their improved cleaning performance. The results indicated
ment implies that the capacitor traps fewer electrons and has a lowghat the solution containing TPAH and EDTA was the foremost
electron-trapping rate than others, and that unpolished poly-Si-lichoice among the TAAH solutions based on the overall cleaning
tends to have a higher electron trapping rate than polished poly-Si-1efficiency as well as the electrical properties of the capacitor.
Furthermore, the rougher polyoxide/poly-Si-ll interface leads to a
smaller conduction area and a higher local current density, subse- Acknowledgment
quently leading to a higher electron trapping rate. The authors thank Dr. Ming-Shih Tsai of National Nano Device
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