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Abstract 

In this paper we report absolute intensities of vacuum ultraviolet and near ultraviolet 

emission lines (4.8 eV to 18 eV ) for aluminum etching discharges in an inductively 

coupled plasma reactor. We report line intensities as a function of wafer type, pressure, 

gas mixture and rf excitation level. In a standard aluminum etching mixture containing 

Cl2 and BCl3 almost all the light emitted at energies exceeding 8.8 eV was due to neutral 

atomic chlorine. Optical trapping of the W V  radiation in the discharge complicates 

calculations of VUV fluxes to the wafer. However, we see total photon fluxes to the 

wafer at energies above 8.8 eV on the order of 4 x 10 l4 photons/cm2sec with a non- 

reactive wafer and 0.7 x 10 l4 photons/cm2sec with a reactive wafer. The majority of the 

radiation observed was between 8.9 and 9.3 eV. At these energies, the photons have 

enough energy to create electron-hole pairs in Si02, but may penetrate up to a micron into 

the Si02 before being absorbed. Relevance of these measurements to vacuum-W 

photon-induced damage of Si02 during etching is discussed. 
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Introduction 

For many years, there has been concern that plasma etching processes used to fabricate 

microelectronic circuits may also cause damage to the circuits being fabricated. ’ ’ ’ ’ 

This concern has become more acute as the feature sizes in microelectronic circuits 

continue to shrink. Microcircuits can be damaged by energetic 

metastable atoms”, or by energetic photons from the vacuum ultraviolet 

the gamma rayl7>l8 range. Plasma nonuniformities can cause charging damage to 

microelectronic circuits 

has led plasma etching tool manufacturers to design inductively-coupled reactors, in 

which the ion energies and fluxes can be varied independently and in which the plasma is 

very uniform across the wafer surface22. 

1 2 3 4 5  

by electrons: by 

to 5,11,12,13,14,15,16 

. This fact, in addition to the desire for process uniformity, 19,20,21 

Vacuum ultraviolet photons with energies greater than the 8.8-eV band gap energy in 

Si02 will be absorbed in the Si02 producing electron-hole pairs and E‘ defect centers. 

The holes may become trapped near Si/SiO2 interfaces causing degradation in device 

characteristics such as dielectric breakdown2’ , declines in the lifetime for minority 

carriers, and a flatband voltage shift in  transistor^'^' ”. E’ centers in Si02 can absorb light 

at energies as low as 5.8 eV, making the device much more susceptible to damage23. 

While several authors have reported vacuum ultraviolet spectra of plasma sources related 

to microelectronic p r o c e ~ s i n g ~ ~ ~ ~ ~ ~ ~ ,  we are not aware of any references that report 
\ 
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absolute intensities of the vacuum ultraviolet spectra in high-density, inductively- 

coupled, microelectronic processing discharges. In this paper we report absolute 

intensities of vacuum ultraviolet and near ultraviolet emission lines (4.8 eV to 18 eV ) 

for aluminum etching discharges in a commercial, inductively coupled plasma etching 

reactor2*. We report data as a function of wafer type, pressure, gas mixture and rf 

excitation level, 

Apparatus 

An Applied Materials Centura, decoupled plasma source (DPS ) metal etch chamber 

was used for the work presented here. This chamber is designed to minimize plasma 

processing induced damage on the wafer22. Similar to other high density plasma systems, 

DPS has two rf sources. The inductively coupled plasma is generated and sustained 

through the rf “source power “ (W, ) at a Erequency of 2 MHz applied to the coil on top 

of the chamber. The ion bombardment energy is controlled through the rf “bias power” 

(wb ) at 13.56 MHz, which is applied through the electrode to the wafer through 

capacitive coupling. This chamber has been designed to minimize the plasma 

nonuniformi#‘ across the wafer and to minimize the amount of bias power required. 

Typical ratios of source power to bias power are above 7: 1.  

The spectrometer used in these experiments was a 0.5-meter focal-length spectrometer of 

the Seya-Namioka (SEYA ) design. A schematic of this spectrometer attached to the 

DPS tool is shown in Fig. 1. The SEYA had a single curved diffraction grating as its 

sole optical element. This grating, which was gold coated and had 1200 lines/mm, both 

diffracted the light and focused it to the exit slit. No window materials exist that will 
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pass light at energies above 11 eV. We therefore coupled the spectrometer directly to the 

DPS tool, with only the 25-micron-wide, 3-mm-long entrance slit separating the DPS 

chamber discharge ( 10 to 30 mTorr ) from the spectrometer, which was kept at a 

moderate vacuum ( - 1 0-5 Torr ). Some of the gases from the DPS discharge 

unavoidably entered the spectrometer, striking the grating and detectors and slowly 

lowering their efficiencies during the course of the experiments. The SEYA viewed a 

relatively narrow cone of light ( F/20 ) that traversed the diameter of the DPS plasma, just 

above the focus ring and approximately 3.7 cm above the wafer. The spectrometer exit 

slit was intentionally set somewhat wider than the entrance slit in these experiments. 

This lowered the resolution of the spectra slightly, but produced “flat-topped” spectral 

lines, considerably simplifying the calibrations for the absolute fluxes. 

Two photon detectors were used in these experiments. A “ChanneltronTM” channel 

electron m~ltiplie?~ was placed behind the exit slit to measure photons with energies 

fiom 8 eV to 17 eV. A photomultiplier tube with a magnesium fluoride window and a 

cesium telluride photocathode was used to detect photons having energies from 4 eV to 

11 eV. 

To calibrate the sensitivity of the SEYA plus detectors, we coupled the entrance slit of 

the SEYA to the exit slit of a 1-meter focal length spectrometer as shown in Fig. 2. This 

1-meter spectrometer, with various light sources, was used to provide a monochromatic 

input beam to the SEYA. At each calibration wavelength, the intensity of the light 

entering the SEYA was measured with a photodiode calibrated by the National Institute 

of Standards & Technology (NIST)28 . The NIST photodiode was mounted so that it 

could be moved into or out of the beam at a location between the SEYA’s entrance slit 
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and grating. Comparing the intensity measured with the NIST photodiode to the signal 

produced by the channeltron or photomultiplier at the SEYA exit slit allowed us to 

determine the sensitivity of the SEYA + detector system. 

Several light sources were used to provide UV light for the calibrations. A deuterium 

hollow cathode lamp with a magnesium fluoride window was used to provide a number 

of calibration lines between 120 and 2 10 nm. A windowless, rf-excited discharge lamp 

built at Sandia ( shown in figure 2 ) was used to provide intense resonance lines of the 

noble gases, from helium at 58.4 nm to Xe at 147 nm. There was one stage of differential 

pumping between this lamp, which was typically operated at 80 mTorr and the 1 -meter 

spectrometer which operated at - 1 0-5 Torr. A mercury pen lamp was used to provide 

spectra at 254 nm. Figure 3 shows a calibration curve of the sensitivity of the SEYA plus 

channeltron versus wavelength. The strong variation in sensitivity with wavelength 

shows the importance of calibrating the system. 

The sensitivity of the SEYA plus detectors was determined before and after 

measurements on the plasma processing chamber. The change in grating + detector 

efficiency caused by etch process gases in the SEYA caused the major uncertainty in 

the calibrations. For the SEYA + channeltron, the total uncertainties on the absolute 

flux numbers are t: 63%, because both the grating and the channeltron were affected 

by the gases from the discharge. For the SEYA + PMT data the uncertainties are + 

43%, -33%. Relative uncertainties within any data set taken on a single day should 

be much smaller than the uncertainties listed above as individual measurements of 

spectrometer + detector efficiency were generally repeatable to better than 10%. 
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Using the signals from the detectors and the known sensitivity of the SEYA + 

detector combination, we derived the wavelength-dependent flux of photons in the 

cone of light passing through the SEYA’s entrance slit and striking the grating. For 

our -f/20 spectrometer, this cone of light subtended a solid angle of 2.6 x 1 0-3 

steradians. We then calculated the number of photons an elemental area of the 

discharge radiated into 4 71: steradians using the relationship2’: 

I, = (NAL/4.n) * (A, A, / F2 ) 

Where: 

I, = number of photondsec striking grating 

NA = number of photons /cm3 sec radiated into 4 71: steradians by an elemental 

volume in the discharge . 
L = length of discharge column 

A, = area of spectrometer entrance slit 

A, = Projected area of grating as viewed fiom entrance slit. 

F = Distance from entrance slit to diffraction grating. 

To calculate the photon flux to the center of the wafer ( Iw ), we then approximated 

the discharge as a uniformly emitting hemispherical volume with a radius of 17.3 cm. 
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While this neglects the effect of the focus ring on the discharge, this should be a small 

effect on the photon flux striking the center of the wafer. We also assumed that the 

plasma was transparent to the VUV radiation - i.e. that these was no radiation 

trapping in the plasma. Integrating over the hemispherical volume of the plasma 

gave us the relationship: 

I, = 

I, = 

NA jIj (cos0/(4 x r2 )} sin0drd0dq 

(NN4 .n) IJj sinecosedrdedq = (1 7.3NA)/4 

Where the limits of integration are: r = 0 to 17.3, 0 = 0 to d 2 ,  <p = 0 to 2 n: and I , 
is the photon flux at the center of the wafer in photons/cm2sec. 

Results: 

The VUV fluxes in the DPS chamber were examined with four different wafer 

materials on the chuck: a solid aluminum-oxide ceramic wafer, a solid aluminum 

metal wafer, a photoresist-covered silicon wafer, and a bare silicon wafer. Figure 4 

shows a plot of the VUV spectra fiom 90 to 140 nm ( 13.7 eV to 8.8 eV) with the 

ceramic wafer1 in place for our baseline case of a 10 mTon discharge with a 100 

sccm flow of C12 and a 40 sccm flow of BC13. The discharge was excited by 1 100 

W of source power and 200 W of bias power. In Fig. 4 the intensities are listed in 
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terms of the photon flux at the center of the wafer using the assumption that the 

plasma is transparent to the VUV radiation. Note that the intensities have been 

divided by 

the VUV photon flux passing through the SEYA entrance slit in the 2.6 x 10” 

For the data shown in Fig. 4, with the ceramic wafer in the chuck, 

steradian cone that struck the diffraction grating was 1.4 x 1013 photons/cm3sec. 

Using the calculations in the previous section, this corresponds to a flux of V W  

photons above 8.8 eV to the center of the wafer of 4.8 x 10’4photons/cm3sec. With 

the silicon, aluminum metal, or photoresist covered wafers in the chuck, the fluxes 

were essentially identical, but a factor of -6 lower than the fluxes with the ceramic 

wafer in the chuck. For the silicon wafer, the VUV flux passing through the SEYA 

entrance slit in the cone angle striking the diffraction grating was 0.2 x lOI3  

photons/cm3 sec. This corresponds to a flux of V W  photons above 8.8 eV to the 

center of the wafer of 7 x 1 OI3 photons/cm3sec. This decrease in flux when a reactive 

wafer is in the tool was probably caused by two effects: 1) depletion of chlorine 

through reactions with the wafer material and 2) quenching of excited chlorine atoms 

by collisions with etch-product molecules. This lower flux ( 7 x l O I 3  photons/cm2 sec) 

is most representative of actual wafer processing conditions. 

All of the spectral lines between 1 15 and 140 nm are emissions from excited state to 

ground state transitions in neutral chlorine atoms, with most of the energy being 

between 132 and 140 nm -just above the 8.8 eV band gap energy of Si02. The fact 

that these transitions terminate on the ground state suggests that radiation trapping 
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may be affecting the VUV fluxes we measure. This point will be discussed in detail 

in the next section. 

We saw no emission lines brighter than 1 x 10" photons/cm2 sec at wavelengths 

between 68 and 95 nm ( 13 to 18 eV). 

emission lines between 1 15 and 140 nm and their intensities are listed in Table I for 

The wavelengths of the neutral chlorine 

the baseline case shown in Fig. 4 with the ceramic wafer in place. The relative 

intensities of the various neutral chlorine lines did not appear to vary as we varied 

wafer type, pressure or rfpower - only the total intensity varied. We were not able to 

positively identify the weak spectral features between 95 and 115 nm. These spectral 

lines are shown in more detail in Fig. 5. 

Figure 6 shows a plot of the spectra between 110 and 250 nm that we observed with 

the photomultiplier tube, when looking at the same discharge as shown in Fig. 5.  In 

addition to the neutral chlorine lines ( in first and second order of the spectrometer ) a 

number of atomic boron lines are visible. The intensities of the chlorine lines in Fig. 

6 are about a factor of two lower than the intensities measured with the channeltron. 

This difference is probably due to the change in grating and detector efficiencies 

during the experiments. 

Figure 7 shows a plot of the total VUV power striking the center of the wafer for our 

10 mTorr, 100 sccm C12 40 sccm BC13 mixtures over a ceramic wafer as a function 

of total rfpower. The sourcehias power is listed next to each data point in Fig. 7. 
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Note that the VUV energy striking the wafer appears to depend linearly on the sum of 

the source + bias power applied to the discharge. There are two data points with 

essentially identical values at 1 lOOW source/O W bias. One of these points was for 

the C12/BC13 mixture, the other is for a pure Ar mixture. While the VUV spectra for 

these two points was quite different ( in the pure Ar case, all the V W  light was 

emitted in the two Ar resonance lines at 104.8 and 106.6 nm ) it is interesting to note 

that the overall VUV intensities were almost identical. 

Tables I1 - IV list photon fluxes above 8.8 eV as measured with the SEYA + 

Channeltron for a variety of conditions. Table I1 shows photon fluxes for our 

standard 10 mTorr, 1100W/200 W discharge as a function of wafer type. Note that 

any type of reacting wafer material lowers the VUV flux to the wafer by more than a 

factor of 6. 

Table I11 shows that V W  fluxes increase slightly as discharge pressure is increased 

from 5 to 20 mTorr. Table IV examines a different set of gas mixtures: 7 mT total 

pressure, 60 sccm Cl2 30 sccm BCl3 with and without 50 sccm of Ar. RF source and 

bias powers were 900 W and 185 W respectively. The slight increase in V W  

intensity seen when the Ar is added is entirely due to the addition of the two Ar 

resonance lines. 

Table V shows VUV fluxes as measured with the photomultiplier tube for our 

standard discharge: 10 mT, 100 sccm Cl2 /40 sccm BCl3 and 1100 W source/200 W 
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bias power. As noted earlier, the VUV fluxes measured with the photomultiplier tube 

are about a factor of two lower than the fluxes measured with the channeltron. 

Discussion 

Spectral Lines: 

Most of the spectral lines we saw at energies above 8.8 eV in these experiments were 

due to neutral chlorine atoms and were between 8.9 and 10.6 eV. In addition we saw 

a series of weak emission features between 11 and 12.7 eV. We saw no emissions 

between 12.7 and 18 eV and we could easily have detected an emission feature with 

an intensity of 2 x 10' ' photons/cm*. We did not see any emissions fiom chlorine 

ions and we could easily have detected a number of chlorine ion emission lines near 

107 nm if they had been present. This absence of short wavelength emission lines at 

energies above 13.7 eV or chlorine ion lines in our discharges is not too surprising. 

The first excited state of the chlorine ion is 1 1.5 eV above the ionic ground state and 

the ionization potential of neutral chlorine is 12.96 eV. Previous Langmuir probe 

measurements3' in plasmas similar to this one have indicated that the electron 

temperatures vary fiom 2 eV to 5 eV. Thus, we would expect relatively few of the 

chlorine atoms to be excited to higher lying excited states of the atom and very few to 

be excited -24.5 eV above the atomic ground state to the first excited state of the 

chlorine ion. Further, we would expect any highly excited states capable of 

producing short wavelength photons to be rapidly quenched by collisions with the 

large number of neutral chlorine atoms in our discharges. 
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Optical Trapping: 

It is important to note that almost all of the emission lines we saw above 8.8 eV are 

resonance transitions in atomic chlorine. That is, they are allowed transitions from 

excited states to the ground state of the atom. As a consequence, most of these lines 

are strongly radiation trapped in the discharge. 31,32, 33,34 Our discharges typically 

operated at a 10 mTorr total pressure. Previous work has indicated that most of the 

Cl2 molecules in our discharges are dissociated and that all of the fine structure states 

of the ground state are thermally populated35. This implies that our ground state C1 

atom densities were on the order of 1014 ~ m - ~ .  The chlorine lines emitted between 

1 19 and 135 nm have radiative lifetimes on the order of a few  nanosecond^^^ and 

hence have line center absorption cross-sections37 on the order of 1 0-l2 cm2. Thus, 

light from these transitions which is emitted on line center will be reabsorbed by the 

time it travels 100 microns through the discharge. The emission lines between 135 

and 140 nm are weaker transitions; line-center light from these transitions may travel 

1 to 10 cm through the discharge before being absorbed. As a consequence of this 

radiation trapping, much of the light which strikes the wafer or the entrance slit of our 

spectrometer will originate from atoms close to the wafer or slit instead of uniformly 

from atoms throughout the discharge. Also, the spectral lines of the light emerging 

from the discharge will be broadened and will have a strong absorption dip in their 

center. The resolution of ow spectrometer, however, is much too low to resolve this 

complex lineshape. 
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Another way of analyzing discharges with optical trapping examines the effective 

lifetime of photons in a discharge 34 - i.e. the time it takes photons to diffuse out of 

the discharge through successive absorptions and re-emissions. As long as the decay 

rate due to this effective lifetime is much larger than any non-radiative decay rates in 

the medium, the total flux of photon energy emerging fiom the discharge will not be 

affected by the radiation trapping. If the non radiative decay rates ( due to collisions 

with walls, or collisions with etch product molecules ) are comparable to the effective 

radiative decay rate, the optical trapping will lower the flux of photons emerging fiom 

the discharge. Analysis of the optical trapping using Holstein3' and Riley's34 

techniques suggest that the photons in our discharges will have effective radiation- 

trapped radiative lifetimes on the order of 1 to 10 microseconds, depending on the 

transition. This is much longer than the 2 - 10 ns radiative lifetimes of most of the 

transitions in the absence of optical trapping. It is still much shorter, however, than 

the 100 - 200 microsec. a chlorine atom would take to traverse the discharge and 

strike the chamber wall, so collisions with the walls should not seriously affect the 

flux of V W  photons. Unfortunately, we cannot quantify the non-radiative decay 

rates due to collisions with etch products. Neither the densities of the etch products 

nor their reaction cross-sections for quenching excited C1 atoms are known. 

Hebner3* has measured trapping of radiation in discharges similar to ours and has 

concluded that non-radiative quenching rates are significant, so we cannot safely 

neglect them in our discharge. 
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As a result of this optical trapping, the light emerging from the discharge at our 

entrance slit may vary from the light striking the wafer in a manner depending in a 

complex way on plasma uniformity, optical trapping and non-radiative quenching 

processes in the discharge. The DPS chamber has been carefully designed to 

produce a uniform plasma. However, we still expect the discharge to be somewhat 

more intense near the wafer than at the edge of the discharge near the spectrometer 

slit. Thus, the intensity of the light striking the wafer is probably somewhat higher 

than the values we report in this paper. Since most VUV transitions terminate on 

ground states, this optical trapping problem is likely to occur in a wide variety of 

plasma processing discharges. As a result, highly accurate VUV fluxes to the wafer 

will probably only be obtained for most high-density plasma processing discharges by 

arranging to have the spectrometer look directly through a hole in the wafer. 

Mechanisms of Trapped Charge Buildup in Oxide Layers: 

In considering trapped charge buildup to Si02 layers in microelectronic devices, we 

will consider two different classes of Si02 layers: the relatively thin gate oxide layers 

and the thicker deposited oxides which serve as interlevel dielectrics or which provide 

isolation between adjacent transistors. The gate oxide layers may be less than -1 0 

nm thick, whereas a deposited oxide may be as much at 1 micron thick. The edges of 

the gate oxides will be exposed during the over-etch process during transistor gate 

etching ( polysilicon etching often uses chlorine-containing discharges similar to the 

ones studied here ) and the thick deposited oxides will be exposed during the over- 

etch process during etching of the metal interconnects. In some cases, it is possible 
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to anneal out the damage caused by VUV photons by raising the microelectronic 

circuits to high temperatures. This is problematic however, for devices that already 

have aluminum interconnects, or that have thin doping layers. 

In attempting to understand how these VUV photons could cause damage in the 

Si02 dielectrics on the wafer, it is important to understand how deeply these photons 

will penetrate into the Si02 before being absorbed. Figure 8 shows plots of the 

absorption coefficients and l/e penetration depths of VUV photons in vitreous Si02 

(fused silica) as a function of wavelength calculated from work by phi lip^^^ . 

Most work considering VUV photon damage in Si02 has examined photons with 

energies of 10 eV or higher. Above 10 eV, the absorption coefficient of Si02 is on 

the order of 1 O6 cm-' indicating that the photons will be absorbed in the first 10 nm. 

In the discharges studied in our experiments, however, most of the V W  light was 

between 8.9 and 9.3 eV. In this energy band, the absorption coefficient of Si02 is on 

the order of 1 O4 cm 

Si02 will be roughly 1 micron. But the thin gate oxides in MOS devices are typically 

only -10 nm thick. This leads to an important conclusion. Most of the vacuum 

ultraviolet light produced in our discharges will be transmitted through any exposed 

thin gate oxide layers and will be absorbed in the silicon layer underneath the gate 

oxide. A careful matching of the emissions observed in these experiments to the 

absorption coefficient versus wavelength suggests that only about 7 x 1 0l2 

photons/cm2 sec will be absorbed in a 10-nm thick oxide layer with an aluminum 

indicating that the l/e penetration depth of the light into the 
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metal, bare silicon, or photoresist-covered wafer in the tool. It is interesting to note 

that about 2/3 of the light absorbed in the thin oxide layers comes from the four 

relatively weak emission lines between 116 and 121 nm. Most of the VUV light we 

saw in these experiments will be absorbed in the much thicker deposited oxides on a 

wafer. 

Vacuum ultraviolet photons can contribute to three categories of trapped charges in 

oxides4* 1) Interface trapped charge, which is trapped in dangling bonds at the 

Si/SiO2 interface and is in electrical contact with the Si, 2) fixed oxide charge, 

which is trapped in the region within 3 nm of the Si/SiO2 interface, but which is not 

in electrical communication with the silicon, 3) oxide trapped charge, which is in the 

bulk of the Si02 ( Fixed oxide or oxide trapped charges involving a broken bond are 

often called E’ centers.) 

If we consider source and loss terms for VUV photon-induced trapped charges in the 

oxides, we see only one source term: i.e. electron - hole (e-h) pair production in the 

oxide. The holes produced in this way can become trapped at or near the Si/SiO2 

interface or in the bulk SiOz. We can, however, identify a number of loss terms. 

First, electron hole pairs can immediately re~ombine’~. Second, a hole can undergo 

delayed recombination by recombining an electron fkom a subsequent e-h pair. Third, 

a hole may be lost through “geometric” or boundary losses when the hole drifts away 

from the Si/SiO2 interface to a boundary such as the Surnetal or Si/vacuum interface. 

Fourth, UV photons with energies greater than 4.2 eV that are transmitted through the 
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oxide and absorbed in the Si can eject photoelectrons back into the oxide, and holes 

can recombine with these photoelectrons. 4 1,42,43 

Examples of Trapped Charge Buildup in Oxides: 

We will now give numerical examples of trapped charge buildup in oxides at two 

different sites. The two sites are the exposed edges of thin gate oxides and the thick 

deposited oxides between transistors. For each site, we will examine two different 

types of trapped charge: 1) fixed oxide charges near the Si/SiO2 interface and 2) E’ 

centers, which correspond roughly to trapped oxide charges in the bulk of the oxide. 

These examples are somewhat speculative as they rely on incomplete information. In 

examining trapped charge buildup in the examples that follow, we will be looking 

only at the VUV source term and the immediate recombination term, since those are 

the only terms for which efficiency numbers are available. The other, unquantified 

loss terms may reduce the trapped charge buildup in each of the cases we list below. 

Thin Gate Oxides: 

To examine trapped charge buildup around the edges of thin gate oxides, we note 

that Yunogami et. d.15 have examined the efficiency with which absorbed V W  

photons generate trapped holes near the interface. Yunogami finds that the 

probability of producing trapped holes at the interface depends on how much thermal 

energy the electron-hole pair has when it is created and how far the hole has to diffuse 

before reaching the Si/SiO2 interface. The more energy the photon has above -8.8 

eV, the larger thermal energy the electron-hole pair will have and the less likely they 
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will be to immediately recombine. The farther the hole has to diffuse before reaching 

the Si/SiO2 interface, the more likely it is to recombine with an electron. As a result, 

Yunogami et. al. frnd that the efficiency of trapped hole production is quite low, 

about 0.002 trapped holes / VUV photon absorbed in a 100-nm-thick oxide layer, at 

the wavelengths observed in our experiments. The efficiency of trapped hole 

production rises sharply with increasing photon energy, however, becoming 

approximately 0.02 for 20 eV photons. For our discharges with a reactive wafer on 

the wafer chuck, about 2 x 1013 photons/cm2sec will be absorbed in a 100-nm thick 

Si02 layer. Using Yunogami's efficiency value of 0.002 trapped holes/photon, this 

implies that about 4 x 1 010 trapped holes/cm2sec would be generated. In a 10 second 

over-etch run, about 4 x 10' ' trapped holes /cm2 would be produced. 

VUV photons have also been shown to cause charge buildup in Si02 by formation of 

E' . E' centers are relatively immobile and hence, after they are created in 

an area that has a line-of-sight to the VUV photons, are not likely to diffkse under the 

edges of the gate material to the high-field region of the thin gate oxide. Yokogawa 

et. al. l4  have measured the production of E' centers in Si02 by 16- eV photons. Their 

results suggest a production efficiency on the order of 2.5 x lo4 E' centers /16-eV 

photon. Since the creation of E' centers is barely energetically possible with the 8.9- 

10.6 eV photons observed in our discharges, we assume that the E' center production 

efficiency in our discharges is at least no higher than the value measured in 

Yokogawa's experiments with 16-eV photons. In a 1 0-second over-etch, 1 O-nm- 

thick gate oxides exposed to the VUV fluxes in our experiments will absorb - 7 x 
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1013 photons/cm2. Using Yokogawa's efficiency, this suggests that no more than 

-1.7 x 10" E' centers/cm2 would be formed in the thin gate oxides. 

Thick Deposited Oxides: 

As a second example, we will examine the effect of trapped charge buildup in the 

thick oxides deposited over the Si substrate in the areas between adjacent transistors. 

When enough positive charge builds up in the oxide, the doped Si substrate can 

invert and become conductive. This can lead to leakage of current between source 

and drain regions or adjacent transistors. This "cross-talk" can lead to device failure. 

Work by Sze44 indicates that trapped oxide charge densities of 8.7 x 10'o/cm2 and 

3.2 x 10"/cm2 will invert P-type silicon substrates doped at 10'5/cm3 and 1016/cm3 

respectively. 

We will first look at E' centers in the bulk oxide, using Yokogawa'~'~ efficiency 

numbers for 16 eV photons. Apprqximately 81% of the -7 x 10'3/cm2sec VUV 

photons observed in these experiments will be absorbed in passing through a 1000 nm 

thick deposited oxide. Using Yokogawa's efficiency of E' center generation for 16 

eV photons of 2.5 x 1 O4 suggests that our absorbed VUV flux should generate 1.4 x 

10" E' centers/cm2 during a 10 second overetch run. This is almost a factor of two 

more E' centers than are needed to invert a P-type Si layer doped at 10'5/cm3 . 
Second, look at trapped hole generation near the interface in a 1000 nm-thick film 

using Yunogami'~'~ efficiency numbers. We consider only holes generated within 

100 nm of the interface, since Yunogami's experiments were for trapping in 100-nm- 
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thick oxide films over Si. Approximately 2 x 10l2 photons/cm2sec will be absorbed 

in the bottom 100 nm layer of oxide. Using Yunogami's 0.002 efficiency number 

indicates that -4 x 10'' trapped holes would be generated near the interface in a 10 

second overetch. This is within a factor of two of the value needed to invert a P-type 

substrate doped at 1015 /cm3. 

Summary: 

All of the VUV emission features seen in these experiments at photon energies above 

the 8.8-eV Si02 band gap energy were between 8.8 and 12.7 eV. Most of the 

emission features we observed were resonance lines of neutral chlorine atoms and 

were between 8.8 and 9.3 eV ( 140 to 132 nm ). We saw no emission features 

between 12.7 and 18 eV and no chlorine ion lines. With a reactive wafer in the tool, 

the VUV photon flux to the center of the wafer was on the order of 7 x 1013 

photons/cm2 sec. Flux measurements were complicated by the fact that the chlorine 

resonance lines we observed were strongly radiation trapped in the discharge. 

Because of this radiation trapping, high accuracy measurements of V W  fluxes to the 

wafer in these high density discharges will probably require that the spectrometer 

look directly through a hole in the wafer itself In contrast to the strong self- 

absorption of the V W  light in the plasma, the absorption depth of the photons 

observed in these experiments in Si02 is relatively large - on the order of one 

micron. Hence, these photons are absorbed in the bulk of the SiOz, not just in a thin 

surface layer. 
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Roughly 7 x 1 O'* photons/cm2 sec from our discharges will be absorbed in a 1 O-nm- 

thick gate oxide layer and about 2 x 1013 photons/cm2 sec. will be absorbed in a 100- 

nm-thick layer. These VUV photons will create electron hole pairs when they are 

absorbed in Si02 . There are a number of potential loss terms that could prevent these 

holes from becoming trapped charge in the oxide. However, reaction rates for most 

of these loss terms are not known. Using only the source and loss terms for which we 

do have rates, we estimate that exposing a 100-ns thick oxide layer to the VUV 

photon fluxes fiom our discharges during a 1 0-second over-etch procedure would 

result in about the production of about 4 x 10" trapped holes close to the Si/SiOz 

interface. We also estimate that the W V  photons in our discharges could produce 

-10'' E' centers/cm2 in a thin gate oxide during a 10 sec. overetch. Finally, we 

estimate that enough trapped holes or E' centers could be produced in thick deposited 

oxides during a 10 sec overetch run to invert lightly-doped Si substrates. 

The absorption cross sections for Si02 are strong functions of wavelength in the 

VUV. Therefore, small shifts in the wavelengths of the emitting species would 

change the rate of VUV-photon-induced trapped charge buildup by several orders of 

magnitude. In order to determine whether V W  photon fluxes do cause significant 

device damage, it will be necessary to first to examine the VUV spectra of each class 

of gas mixtures used in etching of microelectronic circuits and then to experimentally 

measure device damage as a function of VUV flux, for the photon energies of 

interest. 
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Figure Captions: 

Figure 1 : Schematic of the vacuum UV spectrometer coupled to the Applied DPS 

tool. Note that only the spectrometer entrance slit excludes the DPS 

plasma from the spectrometer. There is no window between the two 

devices. 

Figure 2: Schematic of the apparatus used to calibrate the absolute sensitivity of the 

Seya-Namioka spectrometer plus its detectors. The VUV light source plus 

1 -meter spectrometer provided a monochromatic input beam to the SEYA. 

The signal from the NIST-calibrated diode was compared to the signal 

from the SEYA detector to determine the overall sensitivity of the SEYA 

system. 

Figure 3: Sensitivity curve of the SEYA spectrometer with the Channeltron TM 

detector. The sensitivity depends strongly on wavelength. 

Figure 4: Absolute photon flux at the center of the wafer as a function of wavelength 

for a 10 mTorr Cl;! / BCl3 discharge with 1 100 W source and 200 W bias 

power. This spectrum was taken with an aluminum oxide ceramic wafer in 

the tool. This spectrum was taken with the SEYA spectrometer and the 



Channeltronm detector. 

are due to neutral atomic chlorine. 

All the lines at wavelengths longer than 1 15 nm 

Figure 5: Detail of unidentified emission lines seen in Fig. 4 between 95 and 1 15 nm. 

Figure 6:  Absolute photon fluxes at the center of the wafer between 1 10 and 250 nm 

for a 10 mTorr Cl2 /BCl3 discharge with 1100 W source and 200 W bias 

power. This data was taken with the SEYA plus photomultiplier tube 

system. An aluminum oxide wafer was in the DPS tool. 

Figure 7: Plot of the absolute VUV flux to the wafer ( above 8.8 eV) for 10 mTorr 

discharges in C12 and BC13 as a function of total rf power applied to the 

discharge. SourceBias power levels are listed next to each point. A point 

for a pure argon discharge is also shown at 1 lOOW/ 0 W. 

Figure 8: Plots of the VUV absorption Coefficients and l/e photon penetration 

distances in fused quartz. 
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Table I: Absolute intensities of neutral chlorine lines at center of ceramic wafer for 

10 mTorr C12/BC13 mixture powered by 1100 W source and 200 W bias power 

Wavelength of line ( nm ) 

117.7 

118.7 

120.1 

133.6 

134.7 

135.1 

136.4 

137.2 

137.7 

138.7 

139.4 

Total intensity 

Photons/cm2 sec to center of wafer 

(+ioL3) 

0.2 

2.0 

1.95 
~ 

1.27 

1.8 

3 .O 

3.5 

8.0 

4.0 

14.0 

8.0 

48.5 x 1013 photons/cm2 sec 
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Table 11: Fluxes of Photons above 8 eV as a function of wafer Type; 1100 W source, 200 W 

bias, 10 mTorr, 100 sccm Clz, 40 sccm BC13 

wafer type 

ceramic 

A1 Metal 

Silicon 

Photoresist 

photons/cm* sec 

4.8 1014 

0.7 1014 

0.7 x 1014 

0.8 1014 

mW/cmz 

0.7 

0.1 

0.1 

0.1 1 

Table III: photon fluxes above 8 eV as a function of pressure: , 1 100 W source, 200 W bias, 

10 mTorr, 100 sccm Clz, 40 sccm BCG 

pressure 

5 mTorr 

10 mTorr 

20 mTorr 

photons/cm2 sec 

2 x 1014 

3.4 x 1014 

3.7 x 1014 

mW/cm2 

0.3 

0.49 

0.54 
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Table Iv: Effect of adding Argon to a C12/BC13 discharge with a ceramic wafer: 7 mTorr 

total pressure, 60 sccm C12, 30 sccm BCl , 900 W source, 185 W bias 

Argon flow 

0.0 

50 sccm 

photonslcm’ sec 

3.3 x 1014 

3.8 1014 

mW/cm2 

0.48 

0.55 

Table V: Data Taken with photomultiplier tube: 10 mTorr, 100 sccm Cl2 40 sccm BC13 

10 mTorr total pressure, 1100 W source, 200 W bias 

wafer type 

ceramic 

A1 metal 

photons/cm2 sec to wafer center 

2.5 x 1014 

0.3 1014 

mW/cm2 to wafer center 

0.36 mW/cm2 

0.04 mW/cm2 
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