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ABSTRACT

This paper illustrates the growing need for gas-phase cleaning in today’s semiconductor
industry. Initial results from the combination of two gases, NO and HCI, are discussed with
the latter part of the paper focusing on HCI as the most efficient process. Purity issues are
shown to be of paramount importance in dry cleaning. HCI is shown to be an excellent getter
for removing metals deposited earlier in the fabrication process. The formation of metal
chlorides is proposed as the removal process, made possible by the breaking of the H-Cl bond.
Surface roughening is shown not to be a problem and particle levels are deemed to be
satisfactory if careful gas management and vacuum practice is employed. Preliminary data
shows that HCI is suitable as a pre-gate oxidation clean giving promising capacitor yields.
TOF-SIMS and ESCA analysis shows that HCI leaves the surface of the wafer in a suitable
condition for future processing.

INTRODUCTION

There are numerous well-known reasons that fuel the continuing development of gas-phase
cleaning. The majority of integrated circuit (IC) manufacturers recognise that gas-phase
cleaning will be needed in the future, although they would rather wait for it to be a tried and
tested technology before introducing it into production, due to the development and potential
failure costs of such a process. For this reason, gas-phase cleaning will probably progress
through the solving of niche, problem applications. The overall driving force for this
technology at present is as follows:-

. Environmental problems & costs of bulk liquid disposal.

. Increasing need for integrated processing (cluster tools/vacuum environment).
. Residue problems (drying spots) associated with HF-last processes.

. Need for residue removal in high aspect-ratio devices.

. Increased purity that gases offer compared with chemicals.

The environmental concerns are dealt with in a separate publication (1] as this is probably the
single strongest driving force that currently exists as legislation tightens world-wide.

Vacuum environments eliminate the need for the wafer to “‘see” clean room air and give tighter
process control possibilities.



Many fabs. use HF-last processes but presently encounter problems after this step due to white
spots forming once the wafer is rinsed and dried. This is essentially a culmination of stripped
residue and has been shown to cause problems with succeeding process steps, especially cobalt
silicide processes and metallisation steps {2]. Anhydrous HF vapour processes used with a
suitable etch-reactant have been shown to eliminate this problem (3], although other processes
such as Marangoni drying have also proved to be effective in this area [4].

The fourth justification has yet to prove to be a problem. For a number of years it has been
proposed that high aspect-ratio devices will cause problems due to the surface tension of the
liquid preventing entry into narrow channels etc. Surfactants appear to have pre-empted this
problem to date, and capillary forces may indeed improve liquid entry into narrowing channels.
. Removing the residue from the channels with liquids will certainly become increasingly
difficult as device size continues to shrink which makes gas-phase processing more attractive.

Finally, gas purity can be achieved and maintained at far higher levels than liquid chemicals.
Where there is the danger of delivery contamination, point-of-use (POU) filters and purifiers
effectively remove impurities. The combination of the above leads to an overall reduced level
of silicon surface contamination.

The goals of the IMEC/BOC dry cleaning program are to develop, where suitable, gas-phase
substitutes for problematic, wet process steps.” The SC1 step (NH4OH:H;0,:H5O) can be
replaced with U.V./Ozone to remove organics [51. The SC2 step (HCI:H,07:H,0) is the step
considered here and the HCl dry clean will be shown to give high metal removal efficiencies.
Initial work used a combination of NO and HCI. NO was shown to form volatile nitrosyls of
Au and Ag [8] with Cl chemistries alone [7-11] giving good metal removal but introducing
unacceptable levels of surface roughness. NO gave no benefits to gas-phase cleaning and gave
corrosivity problems. HCl emerged as the most efficient process and the integrity of the clean
is demonstrated in this paper.

GAS-PHASE CLEANING EQUIPMENT

The system used was a SubMicron Systems (SMS) PRIMAXX. A full schematic is shown in
figure 1. The reaction chamber is constructed from alumina, resistant to the corrosive nature of
the gas. The silicon wafer is suspended on three alumina pins for minimum contact and is
rotated during processing on a magnetically levitated spindle. Gas distribution is ensured
through sapphire diffuser plates, and a sapphire window allows wafer heating (I.R.) and U.V.
activation from external sources. Irradiation is normal to the wafer surface (top) while process
gas flow is parallel. U.V. excitation of the gas is achieved by a pulsed xenon flash lamp
producing wavelengths below 150nm. All process parameters are controlled by a dedicated PC
using custom-built software. The integrity of the gas supply is maintained through an electro-
polished stainless steel distribution system. with POU filters fitted close to the reactor to give
added protection. Areas of the system that come into contact with the most corrosive ambient
are Ni-coated. All wafers are loaded through an evacuated load-lock to reduce moisture ingress
into the chamber.
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Figure I. Schematic of dry-cleaning tool.

EXPERIMENTAL TECHNIQUES

Experiments were carried out on Cz <100> monitor wafers. Two methods of intentional
contamination were employed. The first method used spiked SC1 and HF baths to simulate
contamination from previous cleans. Single element contaminants only were introduced in this
manner. The second method, ashed photo-resist (APR), was used to give a more realistic,
wider spectrum of contamination. Wafers were treated to a full Mercury FSIb clean, coated
with IX5000 resist and then subjected to a dry-strip only (PRS800) to leave residue on the
wafer.

Contamination levels and hence, cleaning efficiency, are monitored using Total-reflectance X-
Ray Fluorescence (TXRF - Atomika 8010), pre-treated by the HF vapour decomposition and

droplet surface etch technique [}2] (VPD-DSE). This method provides detection sensitivity to
109 atoms/cmZ.

Wet spiked samples gave contamination levels ranging from Sx10!! to 3x10!3 atoms/cm?-

APR wafers were generally contaminated in the range of 1x10!0 to 5x10!2 atoms/cm?
dependent upon the element. -

Particle levels were monitored by a CENSOR ANS 100 light scattering particle counter in the
range 0.12-1.5um latex-sphere-equivalents (LSE). It should be noted that particles are
interpreted from light scattered defects, so surface glitches and other inconsistencies can be
recorded as particles.

A standard cycle used a pre-heat step, followed by the cleaning stage; a 60 second exposure of
U.V.-activated corrosive gas mixture at 200°C and 100 Torr. An extensive nitrogen cvcle
purge completes the sequence.

RESULTS AND DISCUSSIONS

Metal Removal

The main focus of the program was to achieve high metal removal efficiency, with limited
surface roughening and with low particle additions. Figure 1 shows the metal removal
efficiencies for the three gas combinations tried in the initial experiments.
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Figure 1. Metal removal from wet-spiked samples.

Figure | shows that HCl and NO/HCI mixtures achieve high metal removal efficiency. NO
alone is not sufficient and has the added problem of being extremeliy corrosive when mixed
with HCL In all of the processes tried, removal was very low (<5%) when UV activation was
not used. High error bars resulted due to background contamination. The majority of the
intentional contamination levels are very close to the detection limit of the TXRF so a small
level of background noise can severely affect the removal efficiencies. Secondly, the method
of wet-spiking for adding contamination has an inherent variability, and initial contamination
levels can only be attained from selective sampling of the batch of warers.

The background noise levels were traced to back-diffusion of corrosion products from the
exhaust system. This was attributed to moisture ingress reacting with the corrosive gas
mixtures adsorbed onto the exhaust walls. This clearly illustrates the need for dry gases at the
point-of-use and the need for careful material selection.

This same problem showed itself on the first trials on ashed photo-resist (APR) and the
background noise is clearly seen in table I, particularly for Ca, Fe and Ni contamination. Only
a selection of elements is shown for clarity.

Table I. HCl and NO Removal Efficiency Using Ashed Photo-Resist

Ca Fe Ni Cu Zn Cr Pb
Initial Contamination (1) 5.8 31.4 1 121.7 123.3 76.7 5.4
Typical Background (}-2) 8.9 14.6 2.1 6.2 3.5 4.3 <dl
Removal with HC! @ 200C (%) ++ + + 93.7 95.1 444 98.1
Removal with HCl @ 240C (%) + 18.5 + 97 97.6 91.7 98.1
Removal with NO @ 200C (%) ++ ++ ++ 28.8 2 + 69.1
Removal with NO @ 240C (%) ++ + ++ 51.2 57.8 10.2 75.9

1) Contamination and background levels shown as atoms/cm* x 101V
2) Background levels taken from RCA cleaned wafers treated with HCl, NO or NO/HC! process.
+ Indicates addition >1x10'%, ++ indicates addition >1x10"!

Despite the noise level, the removals appeared promising at this stage for Cu, Zn, Cr and Pb,
and there is a definite improvement in removal efficiency if the temperature is increased to the
system limit of 240°C. Other trials on Fe (metallic and ionic) supported this notion and this is
shown in figure 3.
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Figure 3. Removal efficiency of Fe species at increased temperature.

Particle Levels & Surface Roughening

For the standard processing conditions mentioned. low haze values and light particie defect
(LPD) addition on clean monitor wafers suggest that silicon etching is not a problem for any
combination of HCl and NO. Cl; alone proves to etch the silicon surface significantly giving
the high LPD additions in table II (0.12-0.30ptm). Due to time constraints, dilute Cly mixtures
were not tried and this could alleviate the silicon etching.

Table II. Haze values and LPD scattering.

Particle Removai
Process  Haze Before Hazelnc. 0.12 - 0.15u 0.15 - 0.30u 0.30 - 1.50p

{ppm) (ppm)  (diameter (LSE)) (diameter (LSE)) (diameter (LSE))
HC! 0.100 0.001 -78 £ 163 -804 * 308 -1267 £ 1345
NO 0.080 0.000 85 + 167 -389 + 688 -88 + 999
NO/HCI 0.059 0.000 21227 -29 £ 41 -lx6
Cl, 0.054 0.114 1252 + 2191 09.25 = 1053 -38.3 £ 127.8

The fairly high tolerance on the particle levels was again attributed to background
contamination. At this point, several modifications were made to the system to improve the
vacuum practice and to prevent back-diffusion of corrosion products from occurring. ‘

A second indication that surface roughening is not a problem is given by the spectral power
density plot produced from AFM analysis. Figure 4 shows that wafers cleaned by all three gas
combinations fall in the same region of surface roughness as the original substrate, showing
that no significant roughness is produced from the gas cleans.
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Figure 4. Spectral Power Density Plot Of Wafers Cleaned By Combinations of NO & HCI.

To prevent further corrosion and due to the results to date, HCI, as a single gas process, was
the main focus of the subsequent work. NO/HCI and NO had no benefits over HC!] and so at
this stage do not warrant further work.

Table III shows a selection of the elements and their removal efficiency using HCI at four
temperatures. It can be seen that even at lower temperatures the removal efficiency is high for
contamination by APR.

Table I1I. Removal levels (%) for HCI at various temperatures.

S Cl K Ca Cr Mn Fe Co Ni Cu Za
Avg. Initial Contamination 1986.3 335.0 3.3 7.1 41.5 1.8 21.3 0.2 0.8 2.1 2
{10'9 atoms/ecm?)
100°C Runl 27.5 + + + + + + + 18.8 + +
100°C Run 2 <dl 84.2 . «dl <dl <dl <dl <di <dl <dl 79.3  «<dl
150°C Run | 68.0 46.6 25.1 + + + + o+ + - +
150°C Run2 <dl 95.9 «di <dl <di <dl 98.7 «<dl <dl <dl 98.9
200°C Run | 73.8 87.5 + + 76.4 + + 2.8 31.1 13.3 5.3
200°C Run2 <dl 97.6 «dl <di 99.2 <l <dl <di <di <dl <dl
240°C Runl <dl 98.3  «di <dl <dl <dl <dl <d! <dl <dl <dl
240°C Run2 <dl 97.9 «dl <d| <dl <dl <dl <dl <dl <dl <dl
+ Indicates an addition
<dl Indicates below detection limits of TXRF

The apparent inefficiency for the first run is still being investigated but it is thought to be due to
temperature carry-over; by the time the second run commences the reactor is already warm. At
240°C though, HCI removed almost all TXRF detectable elements to below the detection limits
of the analysis technique, for all runs.
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