JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 3 1 FEBRUARY 2002

Photoemission and conduction currents in vacuum ultraviolet irradiated
aluminum oxide
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A temporary increase in the conductivity of aluminum oxide sputter deposited on the surface of
aluminum wafers was made by exposure to vacuum ultravidMery) radiation produced by a
synchrotron light source. The oxide was charged, either positively or negatively, by exposure to a
nonreactive inductively coupled plasma, under typical plasma processing conditions. We show the
dependence of the conductivity on the energy of the incoming radiation, and conclude that only
those photons whose energy is above the band gap of the oxide are capable of producing a
temporary increase in the conductivity. Two processes, photoemission and enhanced conductivity,
create currents flowing across the oxide layer. A circuit model was developed to show the
contributions from both processes to the total current. We conclude that VUV radiation may be used
to significantly decrease plasma-induced surface charging of dielectric02 American Institute

of Physics. [DOI: 10.1063/1.1428790

I. INTRODUCTION It has been previously shown, by exposure to synchro-
) ) ) ) ) tron radiation in the above energy range, that a temporary
During plasma processing, charging of dielectrics play§pcrease in oxide surface conductivity was produced while
a leading role within the damage mechanisms of semicong,o oxide was exposed to VUV radiati8rithe purpose of
ductor devices and plasma-processed materials in generglis \ork is to show the energy dependence of the surface
This damage mechanism is greatly influenced by plasmas,nqyctivity in ALO, and that a net current is drawn through
emitted x-1ay, vacuum ultravioletVUV), and ultraviolet  yhe oxide—caused by a combination of the photoemission/
radiation-" It was determined that most processing plasmas,arization and the temporarily enhanced conductivity. By

emit radiation in the VUV energy band of 4-30 eV, with gjitaply hiasing the substrate, we can decrease the photo-
most of the radiation above 9 eV, the latter of which is ap-gmission current and retain the conduction current, thus per-

proximately the energy band gap Of_gi’é and more than  miting depletion of the previously stored charge in and
the energy band gap of other dielectrics used in semiconducyo,nd the VUV exposed region.

tor device manufacturinge.g., 6 eV for SiN, and 8.3 eV for First, we demonstrate the dependence of thg4lsur-
Al;0s). The radiation is absorbed in the exposed oxide laytace conductivity on the energy of the incoming radiation

ers and it results in the generation of electron—hole pairs,nq \ye show that the peak conductivity occurs for irradiation
Although it has been established that electron—hole-pair geng; photons with an energy of approximately 18 eV. Sec-

eration in the oxide increases the $ibulk and interface . by exposing precharged oxide samples to VUV, we
trapped-charge density, which may affect device reliabilfty, ghow that the regions exposed to VUV radiation exhibit

plasma VUV irradiation of oxides can have a beneficial Ef'charge depletion in and around the exposed areas. Finally,

fect by inducing a temporarily enhanced oxide conductivity.,ye measure the current drawn by the oxide-coated wafer as a

This can reduce dielectric charging, especially that induce@, ction of time for various biasing arrangements under
by electron-shading effectsluring plasma etching of high VUV exposure.

aspect-ratio devices, by providing a safe way to discharge
these structures and, thus, minimize charging damage. The
enhanced conductivity can also have beneficial effects on thk EXPERIMENTAL ARRANGEMENTS
etching properties of oxides such as reduction of notching,

sidewall bowing, and trenching. In opposition to this eﬁectconductivity on an oxide-coated wafer, as a function of the

VUV photons incident on the surface of the dielectric may L
. o energy of the plasma VUV radiation, take place under expo-
concomitantly cause photoemission of electrons and/or po-

o X : o . sure of the test structures to processing plasmas, while the
larization of the dielectri€ resulting in a net positive charge O ; .
on the surface. VUV-emission intensity and wavelength is measured. How-

ever, these measurements are not possible during plasma ex-
posure because the plasma provides an additional current
dAuthor to whom correspondence should be addressed; electronic maipath that interferes with our measurements. To eliminate this,

shohet@engr.wisc.edu . o .
Ypresent address: Conexant Systems, Inc., Newburg Park, CA 91320. we used monochromatic synchrotron radiation in the same

9Also with: Synchrotron Radiation Center, University of Wisconsin- Photon energy range to expose the test Str'UCtureS under
Madison, Madison, WI 53706. vacuum. The advantage of using monochromatic synchrotron

It was desired that the investigation of the VUV-induced
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FIG. 1. Experimental setup used for the measurement of oxide surface con- 6 8 10 12 14 16 18 20

ductivity under illumination with monochromatic VUV light.
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radiation is the ability to determine the dependence of meaF!G. 2. Photon energy dependence of the normalized net steady state current
" . . ... along the AJO; surface.
sured quantities on the wavelength of the incoming radiation:
To achieve our first goal, we exposed oxide-coated wa-
fers to synchrotron radiation at the Synchrotron Radiationo secondary emission of electrons by the stainless-steel elec-
Center, at the University of Wisconsin-Madison. The mono-trodes is small compared to the current produced by
chromatic light was supplied by the Aladdin synchrotronelectron—hole pair creation or photoemission in the oxide.
storage ring, passing through a VUV monochromator. The  The effect of VUV radiation on depletion of charge is
electron beam used to generate the synchrotron radiation hagle key part of this work. In order to test this, samples were
a current of up to 250 mA, at an energy of 800 MeV. Thecharged by placing them in a nonreactive argon inductively
VUV monochromator that was connected to the beamline i%oupled plasmdICP) for several minutes. The ICP power
a normal-incidence Seya—Namioka monochromator, with afvas 1 kW and two different sample bias conditions were
output energy range of 4-30 eV, and a bandpass of 3 A. used so as to produce a net positive or negative charge in the
The oxide-coated samples were mounted in a vacuurgxide. The former was achieved with 150 W rf bias power
chamber coupled to the beamline monochromator. Thend the latter with zero bias power. Figure 3 shows a scan
mounting unit was positioned to the incident VUV beam across the 11.5 cm sample using the contact potential differ-
normal to the surface of the wafer. The monochromatic synence (CPD) techniqué® that was made before exposure to
chrotron light was directed on the samgllee position of the  the VUV. The difference between positive and negative
light spot is shown in Fig. 1 with a spot dimension of charging is quite clear.
5 mmx 15mm. During the measurements, the chamber was  The CPD technique employed in this work to determine
evacuated to pressures In the_8l_D:)r|' range. Two stainless- the amount of Charging induced by p|a5ma exposure is an

steel electrodes were used to connect an outside currengpplication of the Kelvin-probe techniqdie,used for the
voltage circuit to the sample as also shown in Fig. 1.

The current across the surface of the oxide sample was
measured with a bias voltage of 45 V, as the synchrotron 06

light energy was varied between 5 and 20 eV. The oxide, in M
04 - Seusend

this case AJO;, has an energy gap of approximately 8.3 eV,
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the electrodes eliminates photoemission currents from being -0.6
induced in the circuitry. The net oxide surface currenea-
sured current less dark currgmtas normalized to a constant
electron beam curreil00 mA) and the photon flux at 15 2 ) _4° 6 & 100 120

eV. The normalized net steady-state current as a function of Position on Wafer (mm)

quent_photon e_nergy Is shown in Flg. 2. Note that no Slg-FIG. 3. CPD scans of the plasma-exposed samples show positive charge
nificant increase in current occurs until the VUV photon en-geposited for 150 W bias conditions and negative charge for no bias condi-
ergy approaches the band gap of the oxide. The current duiens.

which is very similar to that of Si@ The oxide was depos- E 02 d ~0. °

ited by reactive sputtering and is 3000 A thick. The dark T .oov3
current was measured by recording the currents while scan- E ol (9%
ning the same energy range with the light shutter closed. This 5 r ]
also assured that there were no light leaks or other coupling % 02 [ ; :JSV(;W v
to the circuit. In all cases, the dark current was at least 1 8 Vv v ]
order of magnitude less than the conduction current. In ad- ‘g 0.4 %7 3
dition, making sure that the incoming radiation does not hit » s %§ N
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measurement of work functions of different materials. The § \‘
Kelvin-probe method measures the contact potential differ- & 0 ——f
ence(difference in the work functionsbetween a vibrating A , , ,
Kelvin probe and the surface under analysis. In our case, by 0 200 400 600

using oxide-coated wafers, the difference between measure
ments of plasma-exposed samples and nonexposed samples
is the change in the oxide surface barrier, a direct function ofIG. 5. Photon flux and current flowing out of the wafer under VUV expo-
the charge placed on the oxide’s surface by plasma procesgure for four biasing arrangementeft to right): —90V, 0V, —45V, and
ing. Therefore, plasma induced oxide surface chddgm- ' *5V: The photon energy is 15 eV.

sity) can be expressed a&ppeox/dox, WhereVepp is the

CPD potential measurement,, is the oxide permittivity,

Time (seconds)

andd,, is the oxide thickness. straints, a limited distance compared to the dimensions of the
wafer. Subsequent exposures, although they can result in a
1Il. TRAPPED CHARGE MEASUREMENTS temporary conductivity increase, are incident in a charge-

Sj t ol . ith i depleted region, and thus do not significantly change the
INCe MOSL plasma Processing occurs with a posi IV%harge distribution. It is reasonable to conclude that, if a

charge being placed on the wafer, a CPD scan of a pOSitive|¥onducting path were placed on the edge of the VUV ex-

charged wafer was made after exposure to VUV, which | osed region to ground, the charge would drain off as long as

shown in Fig. ‘;for z?hro bias (I:on(tjlilgns\./ fThrge3\(/)UV SX:E(;)(; the VUV was turned on, thus providing a means to discharge
sures were made on the sample a eV for 5, 30, an e accumulated charge.

The first exposure was made at the exact center of the
sample, while the remaining two were displaced above and
below the center by about 10 mm. Tvyo CPD scans, at righFV. CURRENT MEASUREMENTS
angles to each other, show a dramatic change in the charge
profiles? First, note that there is a significant decrease in  Figure 5 shows the current to the substrate of the wafer
charge at the center of the sample and an increase in chargs a function of time and the photon flux for several VUV
toward the outside of the wafer. This is as a result of theexposures. It can be seen that a slow decay of the current
VUV exposure that produces a temporary conductivity in-takes place, when the wafer is negatively biased, but that the
crease both on the surface of the oXigmd in the bulkl®>  steady state value of the current is not zero. We conclude that
The temporary increase in the conductivity in this area willthe transient part of the current is due to photoemission,
tend to make this region an equipotential and charge flowsince eventually the oxide charges sufficiently positively to
outward from the central region to the outside, pushing othekeep electrons from being emitted, and the remaining current
charges ahead of it and resulting in a pileup at the edge of theombines both steady state photoemission and conduction
wafer. In order to achieve this condition, the electron—holethrough the oxidegsee also Fig. 10 Note that the current
pairs produced by the VUV would have to be sufficiently immediately drops to zero when the VUV is turned off.
dense so that ambipolar conditions exist, and thus the long The net charge on the dielectric was then measured with
VUV exposures described above were made. An explanatiothe CPD method as shown in Fig. 6. The peaks of the charge
of the conductivity mechanism was discussed previotisly. correspond beam locations for each of the various current
When the VUV exposure is ended, the conductivity re-measurements in Fig. 5. This was accomplished by moving
turns to its pre-exposure state, thus trapping the charge astise wafer with respect to the photon beam. The lowest con-
shown in Fig. 4. The symmetry in the scans is due to the factact potential(lowest chargeoccurs with the positive bias.
that the first exposure was in the center of the wafer and thBecause the wafer was initially uncharged, the only charge
majority of the charge movement occurs during the first exthat appears here is localized and is only that due to photo-
posure. In addition, the other exposures were made only 18mission of the few electrons that escape the positive bias
mm above and below the center due to mechanical corpotential.
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FIG. 6. CPD scan of the VUV exposed wafer in Fig. 5. _L

. FIG. 8. Circuit model.
As an additional measurement, the substrate was floated

with respect to the chamber, and its potential was measured

before, during, and after VUV exposure. The potential rose

to approximately 7 V during VUV exposure and remainedassume that the photoemission characteristic corresponds
constant until the VUV was turned off, when it decayed backroughly to a piecewise-linear diode, whose voltageand
toward zero. The 7 V potential is approximately the differ- resistancdr, are fitting parameters. Additional fitting param-
ence between the photon ener@p eV) and the band gap eters aré/,, the initial energy of the photoemitted electrons,

energy(8.3 eV). andRg, the current limiting resistance of the VUV generator,
which is inversely proportional to the VUV intensity. Both
V. ELECTRIC CIRCUIT MODEL electrons and holes can contribute to the conduction current,

In order to more fully understand the nature of the cur-Dut only electrons o .the photoemission C“”E‘mx 'S the
rent measured during VUV exposure, a circuit model Wastgmporary resistance introduced by.the VUV which s a func-
developed. Figure 7 shows a drawing of the experiment jon of .the voItage across the Ox'de. duej to the Fowler—
arrangement. ordheim tunneling effect. We model it as:

As can be seen, incident VUV radiation results in pho-

. o ) Rox=Roexd —&(V—Vy)1,
temission from the oxide layer. The photoemitted electrons o= Ro exfl — &( )]

have an initial energy, which we estimate to be on the OrdeWhere RO and é‘.’ are f|tt|ng parametergox is the effective

of 7'V and results in a photoemission current that we assumgapacitance across the oxide corresponding to the area of the
follows the Child—Langmuir law for a vacuum diode. In ad- yyv exposure.V is the voltage on the oxide surface with
dition, a conduction current,, flows through the oxide as respect to ground.
shown. The substrate can be biased with an external dc Sup- Since we do not know the division between the photo_
ply, either positively or negatively. It should be emphasizedemission current and the conduction current, we find the
that both currents cease when the VUV is turned off as camhevenin equivalent circuit for the diode and VUV circuit
be seen in Fig. 5. In addition, Fig. 5 shows that reversing thgegions and then convert to a Norton equivalent circuit to
substrate bias voltage effectively eliminates the photoemising the oxide current. The circuit equation is:
sion current and no transient is observed, but conduction
current still remains. dv V

Figure 8 shows the resulting circuit diagram with the E+ m: —lo, @
portions of the circuit that correspond to the aluminum oxide
layer, the substrate, and the vacuum chamber identified. WghereV is the node voltageG,, is the oxide capacitancRy

is the diode resistanc®; is the VUV source resistance, and
I is the Norton current source as shown below:

[Photo-emitted electrons]
with initial energy V,
Vacuum A a
Chamber | [ \ , Vp+ Ry + R. (R4lIRs)
ounded lo= . 2

The symboll means the parallel combination of the resistors
listed. Equation1) is solved numerically for the node volt-
ageV. The oxide current is then the current passing through
the parallel combination of,, andR,, as shown in Fig. 9.
Assuming values foW,, V4, C, andV,, we can then
use the measured data to find algebraicBlly and the par-
FIG. 7. Physical experimental setup. allel combination ofRg and Ry. We cannot separate these

Downloaded 19 Feb 2007 to 128.104.198.19. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



1246 J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Lauer et al.

I 4 e ———
------ Circuit Model
—_ — Experimental Data
<
£
IO GD ;Rd/ /Rs I Cox ; Rox §
5
J o
)
N )
> x
j— o
FIG. 9. Norton equivalent circuit model. 0

0 200 400 600 800 1000
Time (seconds)

two reSISj[OIFS because there is no separate m(_aasuremem of Fﬂé 10. Fit of computed current to experimental measurements/for
photoemitted current. The values of the resistances we ob-_ggyv.
tained are as shown in Table I.

Figure 10 shows the experimentally measured data with, . N
a plot of the computed current for a bias voltage-c30. The tions. We conclude that VUV radiation can significantly de-

agreement is quite good. We also can compute the effective/®ase plasma-induced surface charging of dielectrics.

conductivity of the oxide from the computed value Ry, .
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