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Vapor phase SiO 2 etching and metallic contamination removal
in an integrated cluster system

Y. Ma,a) M. L. Green, L. C. Feldman, J. Sapjeta, K. J. Hanson, and T. W. Weidman
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

~Received 7 March 1995; accepted 6 May 1995!

Vapor phase pregate oxide surface preparation was studied in a high vacuum cluster tool. SiO2 was
etched with anhydrous vapor hydrogen fluoride and methanol vapor. The oxide etch rate can be w
controlled by varying wafer temperature, chamber pressure, and gas flow rates. A standard erro
5% in oxide etch rate has been achieved. Particles generated are less than ten per 125 mm wa
an oxide etch rate of 60 Å/min. Atomic force microscopy measurements reveal no added Si surf
microroughness attributable to vapor hydrogen flouride~HF! etching. Trace metallic contaminants
such as iron and chromium were reduced with UV/Cl2 based processes. A combination of vapor HF
etching followed by UV/Cl2 metal removal is an effective pregate oxide surface
preparation. ©1995 American Vacuum Society.
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I. INTRODUCTION

One of the most important processes in modern integr
circuit ~IC! manufacturing is pregate oxide wafer surfa
preparation. It has been shown that the performance
metal-oxide-semiconductor~MOS! devices depends on th
cleaning processes prior to gate oxide growth.1–5 However,
with the traditional manufacturing processes, wafers
transferred from tool to tool within a clean room after ea
process, therefore exposing them to the risk of recontam
tion. For some critical process sequences such as gate
growth, the oxide should be grown immediately after wa
cleaning in order to reduce oxide defects and achieve
device yield.

To achieve contamination-free manufacturing, cluste
is one of the options. Cluster tools allow single wafer p
cessing during which wafers are transferred under vac
between process modules and the risk of recontaminatio
reduced. Equipped within situ diagnostics, process stabili
can be better controlled. Single wafer processing beco
more and more attractive with larger wafer size. Vacu
compatible, vapor phase cleaning processes are current
ceiving much attention.6–9 During vapor phase processe
oxides and other surface contaminants may be remove
reactions between reactive gases and surface la
contaminants. Vapor phase processing also has the pot
to clean smaller features, since wet processing is limited
solution surface tension. An additional advantage of va
phase processing is the reduced chemical consumption
pared to wet batch processing. As a result, vapor phase
cessing is environmentally friendly.

As an example, Table I summarizes data collected f
our research facility. Data indicate an average of the pre
oxide cleaning process for one month period. As can be s
except for HF, a direct comparison is difficult since che
cals used in the two schemes are basically different. H
ever, we have observed that~1! the amount of HF consume
in vapor phase cleaning is about six times less than th

a!Present address: AT&T Bell Laboratories, 9333 S. John Young Pkwy.
lando, FL 32819.
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wet cleaning,~2! a very large amount of de-ionized~DI!
water is consumed during the wet batch process, and~3! the
amount of chemicals consumed in vapor phase cleaning
small, compared to wet cleaning.

Besides the effectiveness of vapor phase processing its
success of vapor phase processing depends on large-s
implementation of single wafer processing technology. W
conclude in this article and others6–11 that vapor phase pro-
cessing is promising for pregate oxide cleaning. The ado
tion of the minienvironment concept in clean rooms will lea
to more single wafer processing tools in manufacturing. Th
combined with stricter regulations on hazardous chemic
consumption and disposal, will accelerate the implemen
tion of the technology.

In this article, we report our study of vapor hydroge
fluoride etching of SiO2 and ultraviolet assisted cleaning in a
high vacuum integrated system. We present data on ox
etching, surface microroughness, particle generation dur
cleaning, and metallic contamination removal. We have al
investigated the electrical properties of gate oxides and
SiO2/Si interface formed by vapor phase cleaning and rap
thermal oxidation. Those results have been summarized i
recent article, to be published elsewhere.12

II. CLUSTER TOOL

The cluster tool~Fig. 1! used for this study is composed
of four chambers: Submicron Primaxx for vapor phase clea
ing, AG Integra One for rapid thermal oxide growth, a cen
tral wafer handler~robot! chamber, and a load lock chamber

The cleaning chamber~Fig. 2! is made of aluminum oxide
~Al2O3! to resist corrosion by reactive gases~hydrogen fluo-
ride and chlorine!. It can handle 125–200 mm diam wafers
Wafers can be heated up to 250 °C by four infrared lamp
Temperature is monitored by a pyrometer aimed at the ba
side of the wafer, and controlled by a computer. UV radiatio
is generated by a xenon lamp with a broadband waveleng
Wafers are supported by a magnetically floating tripod a
rotated during processing to give maximum uniformit
across the wafer surface. HF vapor, O2, Cl2, and N2 gases
flow directly into the chamber, while methanol is brough

Or-
1460/13(4)/1460/6/$6.00 ©1995 American Vacuum Society
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into the chamber by bubbling N2 through it. The amount o
methanol is adjusted by varying the N2 flow rate. All gases
introduced into the chamber are of semiconductor grade
filtered to insure ultra purity and cleanliness.

III. CLEANING MECHANISMS

Our vapor phase pre-gate oxide preparation consist
three chemical processes:~i! etching in anhydrous vapor hy
drogen fluoride and methanol to remove~native or sacrifi-
cial! oxide; ~ii ! UV/O3 ~UV1O2! to remove hydrocarbo
contaminants, and~iii ! UV/Cl2 to reduce trace metal con
taminants. The combination of the three processes will re
in a clean, dry, particle, and damage-free surface, idea
gate oxide growth.

In a conventional aqueous HF process, SiO2 etching oc-
curs when the highly polar HF molecule attacks the hig
polar Si–O bonds by insertion between the Si and O ato
This leads to cleaving of Si–O–Si bonds along with forma
tion of thermodynamically stable products, such as SiF4. The
reaction can be expressed as

SiO214HF→
OH

SiF412H2O. ~1!

In the case of the vapor HF/methanol~CH3OH! chemistry,
polarization is provided by hydroxyl groups of methan

FIG. 1. Schematic of the high vacuum cluster tool used in this study.
four chamber system includes a vapor phase clean process chamber
thermal oxidation chamber, wafer handler chamber, and load-lock cha

TABLE I. Comparison of chemical consumption for conventional wet/ba
cleaning and vapor phase/single wafer cleaning.

Chemicals
Wet cleaning

~1023 l /wafer!
Vapor phase cleaning

~1023 l /wafer!

HF 4.2 0.7
H2SO4 106.2 0
H2O2 26.7 0
DI H2O 31 416 0
CH3OH 0 0.17
Cl2 0 0.19
O2 0 1.15
N2 0 1.72
JVST B - Microelectronics and Nanometer Structures
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molecules. However, the polarization is not as strong as t
provided by water and oxide etch rates are generally slow
than in the HF/H2O system.

As mentioned by Helmset al.,13 it is necessary to form a
condensed layer on wafer surface to initiate an etching p
cess the same as wet chemical etching where wafer surfac
in a constant contact with the solution. In the case of vap
HF/methanol, the condensed layer is expected to be thin
than the vapor HF/H2O system because of a higher methan
vapor pressure. However, the authors did notice that etch
~at a very low etch rate! still takes place at a temperature o
100 °C at which no condensation is expected.

In the UV/O3 processing, oxygen entering the reactio
chamber is exposed to UV light causing its partial conve
sion to ozone~O3!. With absorption of another photon, UV
generated ozone can further react to release atomic oxyg
This atomic oxygen reacts with hydrocarbons absorbed
the surface to form CO2 and water, which desorbs from the
wafer surface. Additional oxidation of Si forms a SiO2 thin
film. The processes are

~4y1xy!O12~CHx!y→2yCO21xyH2O, ~2!

2O1Si→SiO2. ~3!

In the metallic contamination removal process, chlorin
radicals formed by UV activation of chlorine molecules rea
with surface metal atoms to form chloride complexes whic
are volatile and desorb from the wafer surface

xCl–1M→MClx , ~4!

where Cl– is a chlorine radical,x is any integer, and M rep-
resents a metal atom or metal oxide molecule.

IV. EXPERIMENTAL PROCEDURES

Substrates used were 125 mm Si~100! wafers, boron
doped to a resistivity of 10–20V cm. For oxide etching
studies, 1200 Å oxides were grown in a furnace at a tem
perature of 1000 °C in an O2 atmosphere. Wafers were
loaded into the cluster tool load lock after a wet chemic
cleaning, which consisted of H2SO4:H2O2512.5:1 at 105 °C

he
apid
er.

FIG. 2. The vapor phase process chamber. The chamber is made of alu
num oxide~Al2O3! and is capable of processing wafer sizes of 125–20
mm. The sapphire window allows wafers to be heated by four infrar
lamps. Ozone and chlorine radicals are generated by a broad band xenon
lamp.
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for 10 min, followed by 100:1 HF for 2 min, DI water rins
and a spin dry. Reactive gases used for SiO2 etching were
vapor HF and methanol. The gas flow rates were in the ra
of 100–500 sccm for vapor HF, 50–300 sccm for metha
~carrier gas, N2!, and 300–1000 sccm for N2, respectively.
Process temperature was 20–80 °C and pressure was
500 Torr. Oxide thickness was measured with a Rudolph
lipsometer and a Nano-Spec 2100 interferometer. Particle
size greater than 0.2mm were measured with a Tencor 610
Silicon surface morphology after vapor HF etching was ch
acterized with atomic force microscopy~AFM! using a
Nanoscope III in tapping mode with etched Si tips.

In the metallic contaminants removal study, silicon wafe
were first intentionally contaminated with photoresist sp
on the surface and then baked dry. The dried photoresist
subjected to an oxygen plasma ashing process. Bulk ph
resist was removed, leaving behind a surface contamin
with chromium at a concentration of 131012/cm2 and iron at
3–431011/cm2. Both metal surface concentrations we
characterized with total reflection x-ray fluorescen
~TXRF!. The cleaning efficiency was measured by the me
surface concentration difference before and after the clea
processes.

V. RESULTS AND DISCUSSIONS

A. SiO2 etching

We first present results of oxide etching. The depende
of the oxide etch rate on process parameters such as
mixture, temperature, and chamber pressure has bee
ported by various authors.7,10,11Our results agree well with
those studies. We emphasize here the tool’s reliability
capability. Figure 3 shows SiO2 etch rates from two cassette
of wafers, etched at two different chamber pressures,
and 200 Torr, respectively. At 100 Torr, the etch rate d
creases for the first few wafers and then stabilizes. The
crease is caused by an unstable flow of methanol. Hig
methanol flow rate normally results in greater oxide e

FIG. 3. Oxide etch rate as a function of wafer sequence from two cass
processed at chamber pressures of 100 and 200 Torr, respectively. Th
creasing etch rate trend for the first several wafers at 100 Torr was due
uncontrollable flow of methanol into the chamber.
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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rate. At room temperature, the methanol vapor pressure
about 100 Torr. When the chamber pressure is set at ab
100 Torr, the methanol delivery system allows some add
tional methanol to flow into the chamber. The uncontrolle
influx of methanol can be reduced by increasing the chamb
pressure to 200 Torr or higher. By raising the chamber pre
sure, the amount of methanol flowing into the chamber
well controlled, thus stabilizing the oxide etch rate. The sta
dard error of etch rates for the cassette processed at 200
is about 5.0%. The tool also has the capability of processi
different wafers in a cassette with different recipes. One su
case is presented in Fig. 4, which shows the oxide etch r
variation in a cassette of 25 wafers processed with five d
ferent recipes. The tool responds well to the variation
process parameters and for each recipe the oxide etch ra
repeatable from wafer to wafer. It can also be seen that
oxide etch rate increases with increasing vapor HF flo
rates. However, the higher the etch rate, the greater is
variation in oxide etch rate.

To find a process window where the tool gives an opt
mum performance of oxide etching, a design of experime
was conducted. One result from the experiment is shown
Fig. 5, where the oxide etch rate standard error is plotted
a function of the oxide etch rate. Each data point in the figu
represents one recipe with five wafers processed. The e
rate variation increases with increasing etch rate. There i
process window where a variation less than 5% can
achieved. As can be seen, three of the recipes have b
repeated and confirmed. With careful design of the proce
smaller variation can be realized. To control the repeatabil
from wafer to wafer, an etch rate less than 100 Å/min
desirable.

B. Surface morphology

Si/SiO2 interfacial roughness usually results in highe
leakage current or early dielectric breakdown of SiO2 dielec-
tric films.14,15 Si surface microroughness can be increas

ttes
e de-
o an

FIG. 4. Oxide etch rate from a cassette of wafers processed with five diff
ent recipes, five wafers per each recipe. Legend indicates flow rate ratio
methanol to vapor HF.
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during HF etching, chemical cleaning and even DI wa
rinse.15–18 An atomically smooth surface is ideal for gat
oxide formation.

As discussed above, the oxide etch rate fluctuates in
vapor HF oxide etching process. Overetching is required
guarantee a complete removal of the sacrificial oxide. S
face roughness due to the overetching is not desirable. Fig
6~a! is an AFM image from a Si~100! surface aggressively
etched by vapor HF. The etching took place at 50 °C, and
a chamber pressure of 200 Torr for a period of 3 min, equi
lent to an oxide etch rate of 60 Å/min. The root-mean-squ
~rms! roughness of this surface is 0.24 nm. As a comparis
the result from a Si~100! surface etched with 100:1 aqueou
HF for 2 min is shown in Fig. 6~b!. Here, the rms value is
0.26 nm. Therefore, no difference has been observed
tween vapor and aqueous HF etched Si~100! surfaces.

C. Particle generation during SiO 2 etching

Particles on the Si surface affect electrical performance
MOS devices. They can increase SiO2/Si interface trap den-
sity if they stay at the interface. Further, they can cau
higher leakage current at low electrical field if they imbe
themselves in the bulk of the oxide, since these sites prov
an additional channel for current conduction.19

In the wet cleaning and DI water rinse processes, partic
may float on top of the liquid. There is a potential that som
of them redeposit on the surface of the wafers while pulli
wafers out of the solution. One of the advantages of va
phase processing is that no DI water rinse is involved.
reaction by-products should be vaporized and desorbed f
the surface.

Particles can form from reaction by-products. In the ca
of SiO2 etching, H2Si2F6 can be present as particles. Its d
composition to the more volatile species SiF4 is critical for a
low particle generation process. Particle generation is c
trolled by the by-product generation rate and desorption ra
If the generation rate is larger than the desorption rate, p
ticles will accumulate. The generation rate is directly relat
to the oxide etch rate while the desorption rate can be c

FIG. 5. Oxide etch rate standard error as a function of oxide etch rate. E
data point represents a five wafer average.
JVST B - Microelectronics and Nanometer Structures
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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
25 wafers. The number of particles before etching is in the
range of 20–100 per wafer. The average number of particles

ch

FIG. 6. AFM images from a Si~100! surface etched in~a! vapor HF and~b!
100:1 aqueous HF.

FIG. 7. Particle counts from a cassette of samples etched with vapor HF.
Particles with dimension of larger than 0.2mm were measured.
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generated per wafer during the process is about eight, m
of which have a diameter less than 0.3mm. Particle genera-
tion is correlated to process temperature and oxide etch
We have observed less particle generation at higher temp
ture, since a higher by-product desorption rate is expecte
result in fewer particles.

Figure 8 shows particle generation dependence on o
etch rate. All SiO2 etching was processed at a temperature
50 °C and a pressure of 200 Torr. The different oxide e
rates were realized by varying the flow rates of vapor HF a
methanol. We note that for etch rates lower than about
Å/min, the number of particles on the surface are actua
reduced. However, at an etch rate of 80–100 Å/min, partic
begin to accumulate on the reactive surface. At higher e
ing rates, by-product production may be higher than the
sorption rate, resulting in particle accumulation. Lower ox
etch rate is therefore more desirable.

D. Metallic contamination removal using UV/Cl 2

Metallic contamination can severely degrade device p
formance. It can increase the current leakage at thep–n
junction, decrease the oxide breakdown field and shorten
minority carrier lifetime.20 Some sources of contaminatio
may be manufacturing processes such as reactive ion etc
~RIE!, or ion implantation.21 Removal of metallic contami-
nation is vital to achieve better device performance a
higher yield.

Figure 9 shows chromium and iron surface concentrati
as a function of different cleaning procedures. Procedu
containing UV/Cl2 steps demonstrate an effective metal
moval capability. The chromium concentration is reduced
the detection limit of 231011 atoms/cm2 after vapor HF etch-
ing and UV/Cl2 process steps, whereas iron is reduced
131011 atoms/cm2. A single step of vapor HF etching doe
not remove metals from the Si surface. However, we h
noted that it is effective in removing metals from the oxi
surface. For example, the chromium concentration on
oxide surface is reduced from 1.131012 to 531011

atoms/cm2 after a vapor HF etching process. The vapor H
process removes metallic contamination from the surfac

FIG. 8. Particle generation rate as a function of oxide etch rate. Ox
etching was processed at a temperature of 50 °C and a pressure of 200
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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native oxide while the UV/Cl2 process removes metals from
the Si surface. A combination of the two processes is ess
tial for complete metal removal process.

VI. SUMMARY AND CONCLUSIONS

We have investigated the capability of vapor phase pr
cessing for pregate oxide cleaning application in a hig
vacuum cluster tool. Oxide etching is reproducible with
standard error from wafer to wafer under 5% for a temper
ture of 50 °C and chamber pressure of 200 Torr process w
dow. No added silicon surface microroughness has been
served, even after an aggressive vapor HF etching. Part
generation during etching is about eight per wafer at an e
rate of 60 Å/min. A higher oxide etch rate normally results i
greater particle deposition. Metallic contamination remov
has been demonstrated via a cleaning procedure, which
cludes vapor HF etching, followed by an UV/Cl2 exposure.
Vapor phase cleaning technology is an important option f
future cluster tool, single wafer processing development.
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