Photoelectron emission microscopy of ultrathin oxide covered devices
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Photoelectron emission microscoffEEM) has been used to investigate simple device structures
buried under ultrathin oxides. In particular, we have imaged Au-&i@p-type Si—SiQ structures

and have demonstrated that PEEM is sensitive to these buried structures. Oxide overlayers ranging
up to 15.3 nm were grown by systematically varying the exposure time of the structures to a
plasma-enhanced chemical-vapor deposition process. The change in image contrast as the oxide
thickness increases was used to quantify the inelastic mean-free path of low-energy photoelectrons
(~1 eV) in amorphous silicon dioxide. For Au structures we find that the dominant mean-free path
for photoelectrons in the overlying oxide is about 182 nm. Yet, we find a residual observable
signal from the buried Au structure through roughly 13 oxide attenuation lengths. The signal
attenuation from the Au can be explained by the spread of the photoelectron energies and the energy
dependence of the electron—phonon interaction. Similar intensity attenuation behavior is also seen
from heavilyp-doped silicon (18 cm™2) regions, but the signal is only observable through roughly

3.0 nm of oxide, and the signal from the¥@m™ 3 regions is not detectable through the thinnest
oxide layer of approximately 2.5 nm. Here, the energy spread.0 eV) is more narrowly
distributed about the phonon loss energies, leading to the observed attenuation behavior from
heavily p-doped silicon. ©2002 American Vacuum SocietyDOI: 10.1116/1.1525007

[. INTRODUCTION with ultrathin oxides of various thicknesses are imaged.
Since we are imaging photoelectrons that were emitted near
threshold, transport through the overlying oxide and image
formation is accomplished with extremely low-energy pho-

oelectrons. This leads to some surprising behavior in evolu-
metrology, we have been using PEEM to image S|mpletlon of contrast with oxide thickness.

model devices so that basic contrast mechanisms can be
characterized and used in analysis of integrated circuits.
Analysis of integrated circuits with PEEM requires knowl-
edge of the implant regions, metal layers, and the intervening expeRIMENT
dielectric. To accomplish this, we have previously studied
and modeled contrast due to dopiig.Here, we present the Several test structures with variable oxide thicknesses
extension of this work to image analysis of buried metal ancbver a pattern of Au lines and boron implants in silicon were
implanted structures. fabricated. Photolithography was used to produce structures
The ability to detect either buried implant patterns orwith feature sizes that vary from 2 to 10m. Gold was
metal lines without removing the overlying oxide layer chosen because it is typically used for electron attenuation
would allow rapid, nondestructive imaging of buried devicemeasurements. The gold structures, approximately 50 nm
structures. Continual miniaturization of Si-based technologythick on a native oxide-covered lightly dopeetype S{100)
has led to the use of ultrathin oxides, thus imaging structuresubstrate, were produced by thermal evaporation through a
buried under nanometer-thick oxide layers has become momask. After deposition of the metal films, the samples were
relevant. Several microscopic techniques such as plan-viealeaned with a low-powef100 W) oxygen plasma. The pat-
transmission electron microscdpyand scanning reflection ternedp-type regions were formed by broad beam implanta-
electron microscody’ have been used to examine the buriedtion of boron (188 and 16° cm~2, 190 ke\) through a mask
SiO,/Si interface. There have also been several PEEM studnto a lightly dopedh-type Si substrate. Both sets of samples
ies on buried interfacés’ However, we are unaware of any are then exposed to a plasma-enhanced chemical-vapor
imaging studies that have been done on oxide-covered Adeposition(PECVD) process for increasing times to system-
lines or implant structures. atically increase the thickness of the silicon dioxide over-
We present a study in which PEEM is used to investigatdayer. Sample replicates were subsequently etched with an
simple device structures buried under ultrathin oxides. Speetch mask in place to produce trenches so that profilometry
cifically, Au lines andp-type Si implant patterns covered could be used to measure the film thickness in 5—-6 different
places. The average deposition rate of the amorphous film
dElectronic mail: vince@Ips.umd.edu when the substrate is at 300 °C is#18.2 nm/min. The av-

Photoelectron emission microscoEEM) has matured
to the point where it can be used for practical applications
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Fic. 1. Schematic of the experimental setup. The objective lens of the
PEEM and a generic sample are depicted. In the actual experimentpBiO
various thicknesses covers either Au lines or B-implanted patterns on a
lightly n-doped Si substrate.

"

erage index of refraction of the resulting oxide films is 1.484. (b)
We refer to samples that only the native oxide covers the E¢ Eyac
surface as null samples. ~ aime- I -

The PEEM setup has been described in previous wWork.
For this application we will also briefly describe the imaging ch —— |
situation at the buried interface. Light from a Hg short-arc 1.12eV
lamp (hv,a—5.15 eV passes through the oxide layer and is v I
absorbed by either the underlying implanted silicon regions
or the Au structures or the Si substrate, as illustrated in Fig.
1. For light of sufficient energy~5.15 eV for Si or~3.8 eV 0 d X
for Au), a distribution of photoelectrons will be excited into
the conduction band of the oxide, and if the photoelectrorfic. 2. Band diagrams of the different sample interfades.For the Au/
energy is greater than the Surface barier at the oxide\0: "erace e photatreshd o an siecon in Ayt be exied o
vacuum interface, the electron will be emitted into theelectron in the Si valence band to be excited into vacuum is equal to the sum
vacuum(see Fig. 2 of the Si band gap1.12 eV}, conduction-band offset for Sig8i interface

After fabrication, all the samples were mounteda3 in.  (~3.25 eV}, and the electron affinity of SiKX(0.9 eV). The maximum pho-
wafer, which allows the individual samples to be moved Se__ton energy from Fhe Hg lamp is approximately 5.15 eV. Without considering

. . . . . . impurity band-tailing effects, photoelectrons from the Si valence band are

quentially into imaging position. Thus, the devices can be_j 1 o\ short of being able to escape into vacuum.
imaged with the same imaging conditions, allowing inter-
sample comparison of image intensities. Once the imaging
conditions for the weakest intensity sample were determinedice (null sample. In Fig. 3&), we show an image of the
the remaining samples were then imaged with the same comlevice with 2.5 nm of oxide overlayer. The Au lines are the
ditions. Since the dynamic range of the detector is smallebrighter regions. The signal intensity from the 2.5 nm oxide-
than the change in intensity from the null sample to the thincovered Au structures is reduced on average about 50 times
nest oxide overlayer sample, a calibration curve of the nulcompared to the null sample. For comparison, an image of a
sample intensity was constructed. The intensity from the nultlevice with an oxide overlayer of 3.9 nm at the same detec-
sample was measured as the camera exposure time was der gain is shown in Fig. @). Both images in Fig. 3 have
creasedtypically, 3—4 stepsfrom a time interval where the been averaged eight times. We show in.Fga plot of the
image intensity just saturated the detector to a time interval
where the image intensity level was comparable to that from
the thinnest oxide overlayer sample. The intensity level from
the null sample was then extrapolated for the exposure time
used to measure the attenuation curve. Quantitative assess-
ment of the resulting PEEM image intensity is done by av-
eraging 200—-300 sets of parallel line scans from the image
data obtained from a 12 bit charge-coupled-device camera.
The 12 bit images are stored in 16 bit files for image analy-
sis.

Fic. 3. PEEM images of a Au sample with two different oxide thicknesses.
Ill. RESULTS The brighter stripes are the Au lings) 2.5 nm of oxide overlayer ang)
. 3.9 nm of oxide overlayer. Bright features in the images are due to adven-
As expected, we observe a strong PEEM signal from th&gious particles. The images have been averaged eight times and the field of

Au lines when no deposited oxide overlayer covers the deview for both is 75um.
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. g ’ p 5. In the null sample, all three lines are observalbp trace. However, the

level signal for the thicker oxides. 10*® cm™2 line pair is no longer observable at 2.5 nm of oxigeiddle
trace. At 3.2 nm of oxide, the dip at approximately pixel 105 indicates
) . ) . contrast reversal between?@m~2 and the lightlyn-doped substratébot-
average PEEM intensity from the Au lines as a function ofiom trace.

the overlying oxide thickness. The data points in the graph
represent the difference between the Au intensity and the
intensity from the Si substratéightly n doped. The data are  sity from the 18° cm™ 2 line has decreased by roughly 85%
fitted with a three-parameter exponential decay modlel: as compared to the intensity from the null sample, and the
=lp+loexp(—=z/\), wherez is the thickness of the oxide apparent linewidth has decreased by a factor of 2/3. How-
layer and\ is the signal attenuation length. We find the av-ever, the 18 cm™2 line pair is no longer observable at this
erage signal attenuation lengthor equivalently the electron oxide thickness. Interestingly, we find that as the oxide thick-
inelastic mean-free path, is 1.#80.2 nm. To properly fitthe ness is increased to about 3.2 nm, the intensity from tR& 10
low-intensity tail in the data, a constant background intensityem™3 line has decreased to below the background signal in-
terml, must be included. Unexpectedly, a weak but discerntensity from then-type substrate. This reversal in contrast is
ible signal corresponding to the device pattern is still observobserved up to an oxide thickness of 4.5 nm. For thicker
able through approximately 15 nm of oxide. This corre-oxide overlayers, the image signal decreases below detect-
sponds to signal detection through roughly\i# the oxide.  able limits. In Fig. 6, we show a series of line scans across
Similar intensity attenuation behavior is also seen fromthe implanted regions near the top arrow that illustrates the
heavilyp—doped silicon. In Fig. &), we show a wide field of Change in image intensity from the@@m 3 regions as the
view (~300 um) image of a boron-implanted sample with oxide becomes thicker. The signal attenuation is too rapid to
no oxide. This image was not corrected for distortion. Thedo a meaningful fit to the data in this case.
line triplet in the center of the imag@enoted by the top
arrow) consists of a bright 3sm-wide line with a boron con- |/ pISCUSSION
centration of 16° cm™2 and a pair of 2em-wide lines, one

to each side, with a boron concentration of&em~3. The We have been able to image Au structures buried under

small dots are adventitious particles. Figuid®)5illustrates ultrathin_ Iayers.of ox.ide(2.5.—15 nm with P'_EEM' The de-.
crease in the signal intensity from the Au lines as the oxide

that the signal from the 8 cm™3 line is detectable as the I _ ) 4 Th 4 AU Sanal
oxide layer is increased to approximately 2.5 nm. The intenOVeriayerincreases 1s expected. The measured Au signal at-
tenuation length of 1.18 nm also seems reasonable based
upon an extrapolation of the measurements of Himpsel
et all° While there may be some question in equating the
measured attenuation length to the inelastic mean-free path,
Powell and Jablonski have shown in x-ray photoelectron
spectroscopy measurements that the effective attenuation
length for electrons in SiQis approximately 90% of the
inelastic mean-free paffi. The persistent low-level image
intensity as the oxide thickness increases beyond 6 nm has
revealed that PEEM is unexpectedly sensitive to buried
Fie. 5. PEEM images of the B-implanted sample with two different oxide structures. If the measured image intensity were to simply
thicknessesta) null sample andb) 2.5 nm of oxide. The sample in image in fall off exponentially then the signal from a Au structure
(b) is rotated 180° relative t(a). Both images have been averaged 64 times ) b .
and the field of view for both is about 308m. Images have not been covered with 6 nm_qf OXide W_OUId b_e about a thousand times
corrected for distortion. smaller than the initial signal intensity. Instead, the low-level
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intensity from the Au structures in the thicker oxide samplescrease below the surface barrier. Thus, the low-intensity tail
is about 9% of the intensity measured through one attenuasf the attenuation curve is due to the fraction of high-energy
tion length(2.5 nn) of oxide. The barrier for photoemission electrons~1.35 e\j that have escaped over the surface bar-
for the oxide-covered Au structure is about 3.8'@WThere-  rier before undergoing approximately 11 scattering events.
fore, a photoelectron has sufficient enefgyl.35 eV, in ex- The observed signal cutoff occurs at an oxide thickness of
ces$ to overcome the barrier to emission with our light approximately 15 nm, which is within the experimental un-
source. This suggests that the low-level image intensity igertainty of 11 times the average measured attenuation length
probably due to a distribution of low-energy photoelectronsof 1.18 nm.

that still has sufficient energy to overcome the barrier at the For buried implant structures, the attenuation behavior is
oxide—vacuum interface after undergoing a number of in-more complex than for Au. Only photoelectrons from the
elastic collisions in the oxide. p-type 16G° cm 2 lines can be detected for the thinnest

When electrons are moving through the conduction bandPECVD oxide investigated. By analogy to the observation
of the oxide overlayer with energy less thaB g, there isa for the Au lines, one might expect that stripes of both doping
probability that they will interact with the lattice vibrations levels should be observable but that the intensity would be
of Si0,.*® When this interaction leads to the creation of aless than that from the null sample. For simplicity, we as-
phonon, an electron will lose ener@gyE,;,. For sufficient sume that the density of interface states is sufficiently low
energy loss, the electron mobility can be reduced consider-<10"2 cm ?) so that no Fermi level pinning occurs, and as
ably and lead to charge trappihBoth experimental and a result no band bending occurs. The flatband photothreshold
theoretical studies have shown that there is a pair of broat~5.27 eV} is the sum of the Si band gai.12 eV}, the
vibrational modes associated with the asymmetric stretchin§iO,/Si conduction-band offs¢B.25 eV(Refs. 16—19] and
vibration of the bridging oxygen in a network of SiO the electron affinity of Si©[0.9 eV (Ref. 20]. Thus, the
tetrahedra®° This asymmetric motion gives rise to a trans- photoelectrons from the Si valence band would be approxi-
verse opticalTO) phonon at 1065 cm' and a longitudinal mately 0.1 eV below the vacuum level when imaging with a
optical (LO) phonon at 1252 cm'. There are also vibra- Hg lamp[see Fig. 2b)]. However, we know from our previ-
tional modes at lower wave numbe(@34 and 670 cm')  ous work that the photothreshold for2@m™2 is less than
that must be taken into account. Thus, the low-energy phothe photothreshold for £8 cm=2.2 One reason for this re-
toelectrons that are generated by internal photoemission iduction in the photothreshold is that band tailing in heavily
our samples have energy loss channels available at about 8@ped Si reduces the band ¢&pVagner has shown for bo-
meV (the low-energy phonons130 meV(TO mode, and  ron doping concentrations between'd@nd 13° cm3, the
150 meV(LO mode. The probability of an electron scatter- band gap is reduced by 50—-200 nf@VTherefore, in our
ing with a phonon increases as the electron energyporon-implanted devices only the photothreshold for thé@ 10
decrease¥’ dropping abruptly to zero, of course, once thecm 2 lines is sufficiently reduced to allow photoelectrons to
threshold excitation energy is crossed. For example, thée imaged through the oxide. The maximum energy of the
probability of a 1.35 eV photoelectron scattering inelasticallydistribution of photoelectrons from the valence band 10
with a LO phonon is 1.5 times more likely than scatteringcm 2 lines is approximately 0.2 eV. At this energy, all the
with the vibrational mode at 670 cm. At an energy of 0.2 energy loss channels due to phonon creation are equally
eV, the probability of an electron interacting with either thelikely. In addition, only three inelastic scattering events with
low-energy phonons or the optical phonons is equally likelyphonons are necessary for the electron energies to decrease
For energies less than 0.2 eV, energy loss is increasinglgelow the vacuum level. Hence, the signal from th&é®10
dominated by creation of low-energy phonons. cm 2 regions attenuates very quickly.

Initially, the majority of photoelectrongthose with E Contrast reversal observed in the thicker oxide
>0.2 eV) lose their excess energy by interacting with the LOB-implanted samples could be due to a contribution from the
and TO modes of the oxide. A smaller fraction of the elec-interface states to photoemission. The distribution of elec-
trons (those withE<0.2 eV) will lose energy primarily to  trons from the interface states will have more energy than
the phonons at 634 and 670 cf As the distribution of those from the valence band. Since the Fermi level fomthe
electrons propagates through the oxide and loses energy, thegion is closer to the vacuum level, the maximum energy of
energy loss mechanism gradually changes from being domelectrons from this region will be slightly higher than for
nated by inelastic scattering with optical phonons to beingelectrons from the 28 cm™2 lines. Thus, the electrons from
dominated by low-energy phonon scatteri@g me\). the n region will need to create more phonons and as a con-

The attenuation curve for the buried Au structures carsequence travel further before they lose enough energy to fall
now be explained in terms of the energy distributipr1.35  below the surface barrier. Therefore, the signal from th&€ 10
eV) of the photoelectrons emitted from the Au. The high-cm™ 2 lines will attenuate faster than the signal from the sub-
energy electrong~1.35 eV} will undergo approximately strate, resulting in contrast reversal.
eight inelastic scattering events, due to optical phonon cre- Since the light source used for imaging has a continuous
ation, before low-energy phonon scattering becomes the imspectrum with several intensity peaks in the visible regime,
portant energy loss mechanism. An additional three inelastizve cannot rule out the possibility of photoemission from
scattering events must occur before the electron energies dshallow defect states in the oxide layer. It is reasonable to
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assume that the defects are located homogeneously throughlained by the fact that more electron—phonon scattering
out the oxide. Consequently, photoemission from the defectevents are necessary for electrons from the lightyoped
in the oxide would generate a uniform PEEM image intensitysubstrate region than from the 2@m™* before falling be-
from the oxide. Image analysis subtracts a uniform backiow the surface barrier. Therefore, the?d6m™2 regions will
ground, and thus the effect makes little contribution to theappear darker than the substrate for oxides thicker than about
observed contrast. 3.0 nm.
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