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Vapor phase pregate oxide surface preparation was studied in a high vacuum cluster tpalSiO
etched with anhydrous vapor hydrogen fluoride and methanol vapor. The oxide etch rate can be well
controlled by varying wafer temperature, chamber pressure, and gas flow rates. A standard error of
5% in oxide etch rate has been achieved. Particles generated are less than ten per 125 mm wafer at
an oxide etch rate of 60 A/min. Atomic force microscopy measurements reveal no added Si surface
microroughness attributable to vapor hydrogen floufidE) etching. Trace metallic contaminants

such as iron and chromium were reduced with U\/sed processes. A combination of vapor HF
etching followed by UV/C/] metal removal is an effective pregate oxide surface
preparation. ©1995 American Vacuum Society.

I. INTRODUCTION wet cleaning,(2) a very large amount of de-ionize(l)
water is consumed during the wet batch process,(8nhthe

One of the most important processes in modern integrateimount of chemicals consumed in vapor phase cleaning is
circuit (IC) manufacturing is pregate oxide wafer surfacesmall, compared to wet cleaning.
preparation. It has been shown that the performance of Besides the effectiveness of vapor phase processing itself,
metal-oxide-semiconductdiMOS) devices depends on the success of vapor phase processing depends on large-scale
cleaning processes prior to gate oxide grofvthHowever, implementation of single wafer processing technology. We
with the traditional manufacturing processes, wafers argonclude in this article and oth&ré! that vapor phase pro-
transferred from tool to tool within a clean room after eachcessing is promising for pregate oxide cleaning. The adop-
process, therefore exposing them to the risk of recontaminaion of the minienvironment concept in clean rooms will lead
tion. For some critical process sequences such as gate oxitte more single wafer processing tools in manufacturing. This,
growth, the oxide should be grown immediately after wafercombined with stricter regulations on hazardous chemical
cleaning in order to reduce oxide defects and achieve highonsumption and disposal, will accelerate the implementa-
device yield. tion of the technology.

To achieve contamination-free manufacturing, clustering In this article, we report our study of vapor hydrogen
is one of the options. Cluster tools allow single wafer pro-fluoride etching of SiQand ultraviolet assisted cleaning in a
cessing during which wafers are transferred under vacuurhigh vacuum integrated system. We present data on oxide
between process modules and the risk of recontamination ®tching, surface microroughness, particle generation during
reduced. Equipped withn situ diagnostics, process stability cleaning, and metallic contamination removal. We have also
can be better controlled. Single wafer processing becomeagvestigated the electrical properties of gate oxides and the
more and more attractive with larger wafer size. VacuumSiO,/Si interface formed by vapor phase cleaning and rapid
compatible, vapor phase cleaning processes are currently rthermal oxidation. Those results have been summarized in a
ceiving much attentiofi® During vapor phase processes, recent article, to be published elsewh&fe.
oxides and other surface contaminants may be removed by
reactions between reactive gases and surface Iayerﬁ/
contaminants. Vapor phase processing also has the potential
to clean smaller features, since wet processing is limited by The cluster toolFig. 1) used for this study is composed
solution surface tension. An additional advantage of vapopf four chambers: Submicron Primaxx for vapor phase clean-
phase processing is the reduced chemical consumption coriid, AG Integra One for rapid thermal oxide growth, a cen-
pared to wet batch processing. As a result, vapor phase précal wafer handlefroboy chamber, and a load lock chamber.
cessing is environmentally friendly. The cleaning chambéFig. 2) is made of aluminum oxide

As an example, Table | summarizes data collected from{Al;,Os) to resist corrosion by reactive gaséydrogen fluo-
our research facility. Data indicate an average of the pregatéde and chloring It can handle 125-200 mm diam wafers.
oxide cleaning process for one month period. As can be seeVafers can be heated up to 250 °C by four infrared lamps.
except for HF, a direct comparison is difficult since chemi- Temperature is monitored by a pyrometer aimed at the back-
cals used in the two schemes are basically different. Howside of the wafer, and controlled by a computer. UV radiation
ever, we have observed th@) the amount of HF consumed is generated by a xenon lamp with a broadband wavelength.
in vapor phase cleaning is about six times less than that i¥Vafers are supported by a magnetically floating tripod and

rotated during processing to give maximum uniformity

present address: AT&T Bell Laboratories, 9333 S. John Young Pkwy., Or&Cr0SS the Wf”lfer surface. HF Vapo_rzl@lz and Nz gases
lando, FL 32819. flow directly into the chamber, while methanol is brought
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TaBLE |. Comparison of chemical consumption for conventional wet/batch UV Lamp IR Lamps
cleaning and vapor phase/single wafer cleaning. \‘ \
Wet cleaning Vapor phase cleaning b
Chemicals (1072 /Iwafen (1072 /Iwafen
HF 4.2 0.7
H,SO, 106.2 0
H,0, 26.7 0
DI H,O 31416 0 g
CH.OH 0 0.17 Sapphire
Cl, 0 0.19 Window Magnetic
0, 0 1.15 .
N, 0 172 5.8 inch Floating

To Exhaust Tripod

Wafer

Fic. 2. The vapor phase process chamber. The chamber is made of alumi-

. . . num oxide (Al,O;) and is capable of processing wafer sizes of 125—-200
into the Chamb_er by bUbblmg_ZNhrOUQh it. The amount of mm. The sapphire window allows wafers to be heated by four infrared
methanol is adjusted by varying the, Now rate. All gases lamps. Ozone and chlorine radicals are generated by a broad band xenon UV

introduced into the chamber are of semiconductor grade ané@dmp.
filtered to insure ultra purity and cleanliness.

molecules. However, the polarization is not as strong as that
IIl. CLEANING MECHANISMS provided by water and oxide etch rates are generally slower
] ] ) than in the HF/HO system.

Our vapor phase pre-gate oxide preparation consists of A5 mentioned by Helmst al,23 it is necessary to form a
three chemical processest etching in anhydrous vapor hy-  condensed layer on wafer surface to initiate an etching pro-
drogen ,f'U?“F,’e and methanol to remoweative or sacrifi-  cags the same as wet chemical etching where wafer surface is
cial) oxide; (i) UV/O3 (UV+0,) to remove hydrocarbon j, 5 constant contact with the solution. In the case of vapor
contaminants, andiii) UV/CI, to reduce trace metal con- pr/methanol, the condensed layer is expected to be thinner
taminants. The combination of the three processes will resulf o the vapor HF/LD system because of a higher methanol
in a clean, dry, particle, and damage-free surface, ideal fof550r pressure. However, the authors did notice that etching
gate oxide growth. o (at a very low etch rapestill takes place at a temperature of

Ina convenuo_nal aqueous HF process, Séiching 0C- 100 °C at which no condensation is expected.
curs When the highly .polar_HF molecule attapks the highly | the UV/O, processing, oxygen entering the reaction
polar Si—O bonds by insertion between the Si and O atomshamper is exposed to UV light causing its partial conver-
Thls leads to cleavm.g ofiSO-Sibonds along with forma- ;o 1o 0zone(O,). With absorption of another photon, UV
tion of thermodynamically stable products, such as,She  generated ozone can further react to release atomic oxygen.

reaction can be expressed as This atomic oxygen reacts with hydrocarbons absorbed on
OH the surface to form CQand water, which desorbs from the
SiO,+4HF—SiF,+2H,0. (1) wafer surface. Additional oxidation of Si forms a Si@in

In the case of the vapor HF/methan@H;OH) chemistry, film. The processes are

polarization is provided by hydroxyl groups of methanol (4y+xy)O+2(CH,),—2yCO,+xyH,0, 2
20+Si—Si0,. 3
In the metallic contamination removal process, chlorine
Rapid AG Integra One radicals formed by UV activation of chlorine molecules react
SMS Primaxx Pfg‘cee‘gf‘r}g - with surface metal atoms to form chloride complexes which
\‘ are volatile and desorb from the wafer surface
L Additional xCl-+M—MClI,, (4)
Cleaning Wafer | | 4~ Port _ : . : :
Etching Handler | . where Cl is a chlorine radicalx is any integer, and M rep-
P resents a metal atom or metal oxide molecule.

ioaﬁ IV. EXPERIMENTAL PROCEDURES
OocC
Substrates used were 125 mm(190 wafers, boron
‘ doped to a resistivity of 10—20) cm. For oxide etching
Class 1 Clean Room studies, 1200 A oxides were grown in a furnace at a tem-

Fic. 1. Schematic of the high vacuum cluster tool used in this study. Th eratur? of 1000°C in an patmosphere. Waters we.re
four chamber system includes a vapor phase clean process chamber, ra deq Into t.he ClUSt.er tool load lock after a wet chemical
thermal oxidation chamber, wafer handler chamber, and load-lock chambe€leaning, which consisted of J80,:H,0,=12.5:1 at 105 °C
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rocessed at chamber bressures of 100 and 200 Torr. respectively. The G. 4. Oxide etch rate from a cassette of wafers processed with five differ-
P : P ; ’ P . t recipes, five wafers per each recipe. Legend indicates flow rate ratio of
creasing etch rate trend for the first several wafers at 100 Torr was due to AMethanol to vapor HF
uncontrollable flow of methanol into the chamber. '

Fic. 3. Oxide etch rate as a function of wafer sequence from two cassett%.|

for 10 min, followed by 100:1 HF for 2 min, DI water rinse rate. At room temperature, the methanol vapor pressure is
and a spin dry. Reactive gases used for Siéfthing were about 100 Torr. When the chamber pressure is set at about
vapor HF and methanol. The gas flow rates were in the rang&00 Torr, the methanol delivery system allows some addi-
of 100-500 sccm for vapor HF, 50—300 sccm for methanotional methanol to flow into the chamber. The uncontrolled
(carrier gas, M), and 300—1000 sccm for N\ respectively. influx of methanol can be reduced by increasing the chamber
Process temperature was 20—80 °C and pressure was 10p+essure to 200 Torr or higher. By raising the chamber pres-
500 Torr. Oxide thickness was measured with a Rudolph elsure, the amount of methanol flowing into the chamber is
lipsometer and a Nano-Spec 2100 interferometer. Particles a¥ell controlled, thus stabilizing the oxide etch rate. The stan-
size greater than 0,2m were measured with a Tencor 6100. dard error of etch rates for the cassette processed at 200 Torr
Silicon surface morphology after vapor HF etching was charis about 5.0%. The tool also has the capability of processing
acterized with atomic force microscop$AFM) using a different wafers in a cassette with different recipes. One such
Nanoscope 1l in tapping mode with etched Si tips. case is presented in Fig. 4, which shows the oxide etch rate
In the metallic contaminants removal study, silicon wafersvariation in a cassette of 25 wafers processed with five dif-
were first intentionally contaminated with photoresist spunferent recipes. The tool responds well to the variation of
on the surface and then baked dry. The dried photoresist wggocess parameters and for each recipe the oxide etch rate is
subjected to an oxygen plasma ashing process. Bulk photsepeatable from wafer to wafer. It can also be seen that the
resist was removed, leaving behind a surface contaminategkide etch rate increases with increasing vapor HF flow
with chromium at a concentration of<.0'%cn? and iron at  rates. However, the higher the etch rate, the greater is the
3-4x10"%cn?. Both metal surface concentrations were variation in oxide etch rate.
characterized with total reflection x-ray fluorescence To find a process window where the tool gives an opti-
(TXRF). The cleaning efficiency was measured by the metamum performance of oxide etching, a design of experiment
surface concentration difference before and after the cleaningas conducted. One result from the experiment is shown in
processes. Fig. 5, where the oxide etch rate standard error is plotted as
a function of the oxide etch rate. Each data point in the figure
represents one recipe with five wafers processed. The etch
V. RESULTS AND DISCUSSIONS rate variation increases with increasing etch rate. There is a
A. SiO, etching process window where a variation less than 5% can be
achieved. As can be seen, three of the recipes have been

of the oxide etch rate on process parameters such as fepeated and confirmed. With careful design of the process,
. P b 98Maller variation can be realized. To control the repeatability
mixture, temperature, and chamber pressure has been rg-

. : om wafer to wafer, an etch rate less than 100 A/min is
ported by various authors:>! Our results agree well with

those studies. We emphasize here the tool's reliability anéleswable.

capability. Figure 3 shows Si{etch rates from two cassettes

of wafers, etched at two different chamber pressures, 108 surf hol
and 200 Torr, respectively. At 100 Torr, the etch rate de-~" urtace morphology
creases for the first few wafers and then stabilizes. The de- Si/SiO, interfacial roughness usually results in higher
crease is caused by an unstable flow of methanol. Highdeakage current or early dielectric breakdown of Sifielec-
methanol flow rate normally results in greater oxide etchtric films.}*!® Si surface microroughness can be increased

We first present results of oxide etching. The dependenc
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Fic. 5. Oxide etch rate standard error as a function of oxide etch rate. Each
data point represents a five wafer average.

during HF etching, chemical cleaning and even DI water
rinse’®~!® An atomically smooth surface is ideal for gate
oxide formation.

As discussed above, the oxide etch rate fluctuates in the
vapor HF oxide etching process. Overetching is required to
guarantee a complete removal of the sacrificial oxide. Sur-
face roughness due to the overetching is not desirable. Figure
6(a) is an AFM image from a $100 surface aggressively i
etched by vapor HF. The etching took place at 50 °C, and at L N QD (e
a chamber pressure of 200 Torr for a period of 3 min, equiva- RO
lent to an oxide etch rate of 60 A/min. The root-mean-square
(rms) roughness of this surface is 0.24 nm. As a comparisongs. s, AFM images from a $100 surface etched ife) vapor HF andb)
the result from a $100) surface etched with 100:1 aqueous 100:1 aqueous HF.

HF for 2 min is shown in Fig. ). Here, the rms value is

0.26 nm. Therefore, no difference has been observed be-

tween vapor and aqueous HF etche(lL80) surfaces. trolled by varying process temperature and pressure. Nor-
mally, higher substrate temperature and lower process pres-
sure favors by-product desorption.

Figure 7 shows particle counts for one typical cassette of

Particles on the Si surface affect electrical performance of5 wafers. The number of particles before etching is in the
MOS devices. They can increase $i8) interface trap den- range of 20—100 per wafer. The average number of particles
sity if they stay at the interface. Further, they can cause
higher leakage current at low electrical field if they imbed

aqueous HF, RMS=0.26 nm

C. Particle generation during SiO , etching

themselves in the bulk of the oxide, since these sites provide ~**f——
an additional channel for current conductiSn. C o120 e a— s

In the wet cleaning and DI water rinse processes, particles € L @ parcibic Generated \
may float on top of the liquid. There is a potential that some & 190¢ / /A ?
of them redeposit on the surface of the wafers while pulling E sol i ﬂ i é
wafers out of the solution. One of the advantages of vapor & ; g n //ﬂ N \ i %\ Z / \\\ / ﬁ/
phase processing is that no DI water rinse is involved. All 2 ©0F R // \i\ g/,ias,\ // \ \:\ /é‘ Y
reaction by-products should be vaporized and desorbed fromg ¢ b/*?\“/ V- b\/ A
the surface. (; [ \ \g/ 4

Particles can form from reaction by-products. In the case § 201 /,*&N /’ B3 .
of SiO, etching, HSi,Fs can be present as particles. Its de- & | \.ﬂ’.\ikf/‘A\‘\‘/,C"”‘\‘/ e AN
composition to the more volatile species Si§ critical for a [ .

low particle generation process. Particle generation is con- 20
trolled by the by-product generation rate and desorption rate.

If the generation rate is larger than the desorption rate, par-
ticles W|".accumU|ate- Th? generation rate Is directly related:c_ 7. particle counts from a cassette of samples etched with vapor HF.
to the oxide etch rate while the desorption rate can be corparticles with dimension of larger than Qun were measured.

Wafer Sequence
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Fic. 8. Particle generation rate as a function of oxide etch rate. Oxide
etching was processed at a temperature of 50 °C and a pressure of 200 Torr.

generated per wafer during the process is about eight, most .

of which have a diameter less than Qué. Particle genera- 0 /:HF A;F U\‘;O HF o

tion is correlated to process temperature and oxide etch rate. UVCL, AHF 3 wvo, amF’

We have observed less particle generation at higher tempera- AHF uv cl,

ture, since a higher by-product desorption rate is expected to

result in fewer particles_ Fic. 9. (8 Iron and (b) chromium surface concentrations measured by
Figure 8 shows particle generation dependence on oxid&XRF. Among the five cleaning procedures studied, the two with Uy/Cl

. . tep show effective removal of trace metallic contamination.
etch rate. All SiQ etching was processed at a temperature of
50 °C and a pressure of 200 Torr. The different oxide etch

rates were realized by varying the flow rates of vapor HF andhative oxide while the UV/Glprocess removes metals from

methanol. We note that for etch rates lower than about S5y gj surface. A combination of the two processes is essen-
A/min, the number of particles on the surface are actuallytig) for complete metal removal process.

reduced. However, at an etch rate of 80—100 A/min, particles
begin to accumulate on the reactive surface. At higher e'[ch\-/I SUMMARY AND CONCLUSIONS
ing rates, by-product production may be higher than the de-

sorption rate, resulting in particle accumulation. Lower oxide We have investigated the capability of vapor phase pro-

etch rate is therefore more desirable. cessing for pregate oxide cleaning application in a high
vacuum cluster tool. Oxide etching is reproducible with a
D. Metallic contamination removal using UV/CI standard error from wafer to wafer under 5% for a tempera-

Metallic contamination can severely degrade device per’Eure of 50 °C and chamber pressure of 200 Torr process win-

formance. It can increase the current leakage atpthe dow. No added silicon surface microroughness has been ob-

junction, decrease the oxide breakdown field and shorten th%erved,_even a}fter an aggressive vapor HF etching. Particle
minority carrier lifetime?® Some sources of contamination generation during etching is about eight per water at an etch

may be manufacturing processes such as reactive ion etchifg' ?f 60 At/.rr}ln. dA h'ghf ' ox:\(jle teh(.:h ratetnor.matllly results ml
(RIE), or ion implantatior’* Removal of metallic contami- eater particie deposition. ietallic contamination remova

nation is vital to achieve better device performance and-Ias been demonstrat_ed via a cleaning procedure, which in-

higher yield. cludes vapor HF eftchlng, followed_ by an UVéGtxposu_re.
Figure 9 shows chromium and iron surface concentrationi/aloor phase C'ea”'f?g technology is an _|mportant option for

as a function of different cleaning procedures. Procedure uture cluster tool, single watfer processing development.

containing UV/C} steps demonstrate an effective metal re-

moval capability. The chromium concentration is reduced toACKNOWLEDGMENTS
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