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Synthesis and characterization of Si/Cs/O nanocluster thin films with negative electron affinity
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Patterned and unpatterned thin films of Si/Cs/O nanoclusters have been synthesized by the technique of
supersaturated thermal vaporization of Si and Cs in an oxygen background gas. These films, which were
deposited onto conducting or semiconducting substrates, exhibit negative electron @ffityas evidenced
by ultraviolet photoemission spectroscopy. Photo, secondary, and field electron emission properties of these
nanocluster films were investigated with photoelectron emission microscopy, field electron emission micros-
copy, secondary electron microscopy, and current-voltage measurements. Flat cathodes covered with thin films
of Si/Cs/O nanoclusters exhibited high current outputs and lower turn-on fi€Bl¥ V/um) than most NEA
diamond surfaces and gated Si or Mo tip arrays. The films’ NEA is unaffected by air exposure and is stable
to high-temperature annealiri§50 °Q. The electron emission property of the NEA nanocluster films can be
best explained by a subband gap abundant surface-state nanocluster model. A field-emission display unit
with a simple diode structure containing a flat cathode coated with a thin film of Si/Cs/O nanoclusters has
also been built to demonstrate the potential application of this material in cold cathode electron emitting
devices, particularly field-emission flat panel displdy30163-1829)03823-0

[. INTRODUCTION In this paper, we show how Si/Cs/O nanocluster films
with NEA and stable electron emission can be easily pro-
Theoretical and experimental studies of the phenomenoduced by the technique of supersaturated thermal vaporiza-
of negative electron affinityNEA), in which the vacuum tion. The composition and properties of the films as a func-
energy level lies below that of the conduction-band mini-tion of changing temperature and environment are evaluated.
mum, have been reportéd™® In most cases, only certain Unlike the NEA surfaces discussed above, we find that an
well prepared and highly oriented surfaces of some semicorprdered surface structure is not necessary for the Si/Cs/O
ductors or insulatorgmost notably: diamond100 and nanoclusters. The NEA reported here is likely an intrinsic
(112), Si(001), and GaAs(100) surface$ exhibit NEA. The  property of the Si/Cs/O nanoclusters. We present the electron
preparation of these surfaces usually requires etching ar@mission properties of such Si/Cs/O nanocluster films under
high-temperature annealing in an ultrahigh vacu(uiV) electron bombardment, ultraviolet photon absorption, and
chamber. The clean surfaces are then, in the case of di@pplied electrostatic field. A model to explain the emission
mond, terminated with hydrogen or coated with well orderedProperty of the Si/Cs/O nanocluster material is then pro-
layers of cesium or cesium oxide. Diamond has also beefosed. This paper reports on a Si-based compound nanoclus-
coated with metals such as N|, Cu, Co, or Ti. In all Cases:[er material that exhibits a stable NEA. This material has
surface dipole formation is thought to induce a strong NEA potential applications in flat panel displays and electron
However, most of these NEA surfaces tend to be unstablemitting vacuum electron devices.
when exposed to air or under prolonged electron emission.
Many do not survive the thermal conditions associated with
device manufacturing and packaging. Furthermore, due to
the large band gaps associated with insulators, electron sup- The technique of supersaturated thermal vaporization has
ply to insulating materials such as diamond for electronbeen used to produce Si nanoclusters and is described
emission is not a trivial issue. Recently, there have beerlsewheré® To make Si/Cs/O nanoclusters instead of Si
reports on NEA surfaces of AIN and &ba, N epitaxially  nanoclusters, a Cs boat was added to the system facing the Si
grown ona(6H)-SiC(0007) substrates® There was no effort boat. This Cs boat was coevaporated with the Si boat in a
to control the surface termination for these samples menbackground gas of oxygen. The average size and composi-
tioned by the authors in obtaining NEA, but lattice matchingtion of the clusters synthesized by this technique can be var-
for epitaxial growth limits the number of useful substratesied by changing the Si and/or Cs source temperatures, the
these NEA films can be grown on. Additionally, NEA from oxygen buffer gas pressure, the source to substrate distance,
e-beam deposited BN has been repoftétbwever, there has or a combination of all these parameters. Nanoclusters gen-
been no report of a NEA Si-based material that is capable ofrated by this technique can be deposited onto any substrate
producing strong electron emission, stable with respect tas thin films. In this report, the Si/Cs/O nanoclusters were
environment and temperature, and yet does not require @eposited onto flat conducting or semiconducting substrates
stringent surface preparation or epitaxial growth. Such a Sisuch as 100 wafers, the basal plane of highly oriented
based material would be an excellent candidate for applicgsyrolytic graphite(HOPG, and carbon coated @00 wa-
tions in cold/photocathode emitters, and ready for integratioriers. The Si100) wafer and the basal plane of HOPG were
into the existing silicon manufacturing technology base.  chosen because they provide atomically flat surfaces for mi-

II. EXPERIMENTS
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FIG. 1. AFM image of a typical Si/Cs/O nanocluster thin film. This film has a thickness of 9 nm and an average cluster size of 5
*2nm.

croscopy, while thin carbon overcoats on19i0) surfaces related to the local work function and electron affinity of the
improve the electrical conductivity. For transmission or pho-sample’s surface.
toabsorption measurements, the Si/Cs/O nanoclusters were The average size of the clusters that made up the films
deposited directly onto a quartz substrate. The patterned@as determined by height measureniéntith an atomic
films in this experiment were fabricated with the aid of aforce microscop¢AFM), Nanoscope Il from Digital Instru-
tungsten mask having regularly spaced circular holes of 1281€nts, in tapping mode. Secondary electron microscope
um diameter. The distance between the centers of any tw6SEM) images and surface elemental maps of the samples
circular holes on this mask is 250m. were obtained using a Physical Electronics 660 scanning Au-
After deposition, the samples were removed from the synger microprobg SAM). All post-deposition annealings were
thesis chamber and transported in air to the analysis chanlone in the analysis chamber and the temperatures were
ber, which was also an UHV chamber with a base pressure dpeasured with an infrared optical pyrometer.
<6.7x 108 Pa. This chamber was equipped with a double For the current-voltage characteristic curves, the end of a
pass cylindrical mirror analyzéPhysical Electronics 15-255 highly polished stainless steel cylinder with a cross section
GAR), for Auger electron spectroscofES), x-ray photo-  0f 3 mm was employed as the anode, while the sample under
electron spectroscopgXPS), and ultraviolet photoelectron investigation was negatively biased. In this exercise, the
spectroscopfUPS. AES and XPS spectra were generatedcathode to anode distance was controlled by a micrometer
with a 3 KeV incident electron current and a Mgrkk-ray ~ and measured with an optical microscope.

(1253.6 eV source, respectively. UPS spectra were produced A demonstration flat panel display employing a diode
with the He | resonance line at 21.2 eV. A photoe|ectronstructure was also assembled. In this structure, a Si/Cs/O

emission microscopéPEEM), PEEM 150 C from Staib In- nanocluster film on a carbon coated Si substrate was used as
strumente, was also attached to this UHV chamber. In théhe cathode and a piece of glass coated with a thin layer of
PEEM mode, a mercury |amp is emp|0yed to generate phoLTO (Indlum tin OXide was used as the anode. Ceramic spac-
toelectrons and secondary electrons from the surface of @rs of about 30Qum in thickness were sandwiched between
grounded sample, which is positioned a few millimeters inthe anode and cathode, while the edges of the cathode were
front of the transfer case of the PEE(t 5-15 kV above covered with thin Mylar strips to prevent emission from the
ground potential The ejected electrons are a combination ofedges of the cathode. The diode structure was then put inside
field emitted electrons, photoelectrons and secondary ele@ high vacuum chamber (2610 ° Pa). Connections to the
trons. They are accelerated toward the PEEM, go through @anode and cathode were made possible by two high-voltage
set of magnifying electrostatic lenses, and u|timate|y im-vacuum fGEdthTOUghS. Shunt resistors were also inserted in
pinge onto a microchannel plate. In the field electron emisthe wiring of the anode and the cathode to suppress arcing.
sion microscopdFEEM) mode, the UV lamp is not turned

on so that the image formed on the microchannel plate is due . RESULTS

solely to field-emitted electron@under an applied electro-
static field of 1-10 VAm) from the sample’s surface. In
either mode, the image formed on the microchannel plate is Figure 1 shows a tapping mode AFM image of an area

A. Physical and chemical properties
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FIG. 2. AES spectrum of a 9-nm-thick Si/Cs/O film, with an thick Si/Cs/O film having an average cluster size of 5 nm on a
average cluster size of 5 nm, on 150 wafer. Si(100 wafer (b). The inset shows the magnified region near the
valence-band maximum of the Si/Cs/O compound nanocluster thin

typical of the surface morphology of the Si/Cs/O nanoclustefm-

thin films. This 9-nm-thick film was composed of clusters , . . oo
with an average size of 52 nm2° The clusters were so spectrum of Cs (8g,) in a typical Si/Cs/O thin film sample

compactly deposited that they resemble a dense array of vel§ Snown. Note that this peak has been shifted by about 1.6
sharp tips. eV toward lower binding energy in comparison with metallic

The AES spectrum of a 9-nm-thick film, with an averageceSium- This behavior has been documented for cesium

i i4R_1,22
cluster size of 5 nm, on a @00 wafer is shown in Fig. 2. Pending to an oxidé:
The negative peak around 272 eV is the(IKLL) Auger
transition which is a result of prolonged air exposure of the B. UPS and NEA

sample. Seven other peaks are seen in Fig. 2, at around 47, ;

; gures 4a) and (b) show the UPS spectra of a clean
60, 80, 92, 503, 563, and 575 eV. The peak at about 92 eV igopg sybstrate and a 9-nm-thick Si/Cs/O nanocluster thin
from the Si(LMM) Auger transition, while the peaks near 60 film (same sample as in Figs. 2 and@ a S{100) wafer.
and 80 eV are signatures of Si@nd SiQ (0<x<2), re-  Tha \work function of the clean HOPG substrate was deter-

spectively. The double peaks near 563 and 575 eV are frorpnined to be 5.£0.1eV according to the equatih
the Cs(MNN) Auger transition. The 47 eV peak is also a T

signature of cesium. The peak near 503 eV is due(t¥LD) ed=hv—AE 1)

Auger transition. The rati¢corrected for elemental sensitiv- '

ity) of Si/SiQ/Cs/O from this AES spectrum is Here,hv, e, andAE are the incident photon energy, the

0.80/1.00/0.15/1.11. No information on the chemical state ofyork function, and the width of the UPS spectrufrom

cesium could be inferred from AES, so XPS of cesium inFermi level to the lowest kinetic energy cutpffespectively.

these compound clusters was performed. In Fig. 3, the XP$he features seen in UPS spectra are related to the occupied
electronic density of states of the materials under stddsy.

400 Fig. 4@), the peak around 13.3 eV below the Fermi level is
350 | Cs (3dsyy) due to thes conduction band of graphite. In Fig(l}, the
broad peak around 7 eV below the Fermi level is from
300 - ’ O(2p). The Cs () core level is associated with a broad
250 | . peak at about 12 eV below the Fermi level and is barely seen

in Fig. 4(b) due to the low Cs concentration in this sample.
The peaks around 15 eV in Fig(a} and around 14 eV in

150 A ' M Fig. 4(b) are due to secondary electrons. For a material with
' NEA, an extra and sharp feature is expected at the lowest

YIELD (arb. units})
N
3

100 1 kinetic energy of the spectrum. This lowest energy feature is
50 : : : usually associated with electrons that are excited into the
715 720 725 730 conduction band by photon absorption, then scatter or relax

BINDING ENERGY (eV) to the conduction-band minimum and subsequently fall down
to the vacuum energy levéivhich is below the conduction-
FIG. 3. Typical XPS spectrum of Cs €3,) in the Si/Cs/0  band minimum for a NEA materialWe see this NEA fea-
compound nanocluster thin films. The vertical line at 726 eV rep-ture in Fig. 4b) at about 17.3 eV. When this happens, the
resents the binding energy of metallic Csi¢3). relationship between the incoming photon enetgy; the
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FIG. 6. SEM image of a distinct surface area of a 50-nm-thick
Si/Cs/O film having an average cluster size of 5 nm on a HOPG

FIG. 5. Qualitative energy-band diagram of a nanocluster WithSUbs"ate' Here, a small strip of the film has flaked off.

abundant subband-gap surface states. The inset shows the normal- 31 e ) S
ized transmission spectrum of a 9-nm-thick Si/Cs/O film having artors such as GaAs or InSB> Since the size distribution of

average cluster size of 5 nm on a 1.6-mm-thick quartz substrate. the Si/Cs/O nanoclusters in this film is rather narrow2

nm), the broad absorption onset here is attributed mostly to
energy difference between the valence-band maximum, arithe existence of subband gap surface states as mentioned
the lowest kinetic energy cutoff of the spectrith and the  above. Photon absorption with energy less tB&p=3.4 eV

band-gap energ§g can be written & are thus associated with excitation of electrons within the
subband-gap states, from extended valence-band states to
O=hv—Eg—W. (2)  conduction-band tail states, or from valence-band tail states

to extended conduction-band states. The magnitude of the

Equation(2) is, however, ill suited for NEA nanocluster absorption strength at arourie,= 3.4 eV is expected to be

materials which have abundant subband-gap surfac : : :
states®*29The inset of Fig. 4 shows the magnified UPS gtronger than those at lesser energies, due to a high density

spectrum near the Fermi level for the 9-nm-thick Si/Cs/OOt(e_rgpiy states_around the condu_cnon-band minimum. With
: . . c=3.4eV, hv=212eV, andAE=17.8eV for the 9-nm-

nanocluster film. There, it is not possible to locate the top OF ick Si/Cs/O nanoclusters, this sample satisfies (8pfor

the valence band, since there are filled states all the way EA It is important to ’oint out tﬁat by changing the

the Fermi level. This is physically reasonable, because, i/Cs;/O ratio F3’:1nd/or thepavera e size 03; the (?ongtituent

the diameter of a cluster is reduced to the nanometer regimaé 9

the ratio of the surface atoms to bulk atoms increases signif%-h'lcslo dnanoclusc';etrr']s n tr}eﬂfllm, we IC Olsld ﬁctually gh?.r;lge
cantly (this ratio is roughly about 24% for a Si nanocluster e band gap, and thi; of the nanocluster films, and sti

with a diameter of 5 nm Practically, for this nanocluster retain the sharp NEA feature in the UPS spectra as long as

film, we can say that it is the subband-gap surface states tthe Cs concentration in the clustersi$%.
pin down the Fermi level. So, for NEA nanocluster materials
with abundant subband gap surface states, (Bgcan be C. Secondary electron emission

modified to read as follows: . . -
Figure 6 shows a SEM image of a distinct surface area of

0=hv—EL—AE, (3)  a50-nm-thick Si/Cs/O film grown on a HOPG substrate with
an average constituent cluster size of 5 nm, and a
whereEY, is the energy difference between the pinned FermiSi/SiQ,/Cs/O ratio of about 0.50/1.00/0.30/0.96. Here, it is
level and the bottom of the conduction band as illustrated irobserved that a small strip of the film has flaked off. SAM
Fig. 5, whilehv andAE are defined as in Eql). Note that maps of Cs, O, Siat 92 eV}, and C taken from the same area
subband-gap surface states do not always necessarily foras in Fig. 6 are shown in Figs(d, (b), (c), and(d), respec-
discrete levels as drawn in the sketdf*~*’Unfortunately, tively. Dark regions in SAM images represent areas that have
as implied in Eq(2) and(3), the work function of a material none or very little of the elements being mapped. The black
with NEA cannot be determined by UPS according to ).  strip observed in the SEM imad€ig. 6) is then associated
or (3). with a bare spot of the HOPG substrate, while the mostly
The inset in the upper right-hand corner of Fig. 5 showsbright area surrounding the strip was covered with a 50-nm-
the transmission spectrum of the 9-nm-thick Si/Cs/O nanothick Si/Cs/O nanocluster film. The rather bright lines seen
cluster film on a 1.6-mm-thick quartz substrate. The spececcasionally in the SEM image are associated with step
trum presented here has been normalized to the transmissiedges from the imperfectly cleaved HOPG substrate beneath
spectrum of the same quartz substrate, which is essentialthe film. The two small bright spots, one above and one
flat at about 91.5% for the photon energy range of 1-3.6 eVbelow the dark strip in the SEM image, are believed to be
The absorption onset here is seen to be very brdemn  dust particles sticking to the film due to air exposure, since
2.4-3.4 eV in comparison with those in bulk semiconduc- these spots are void of any of the elements mapped. PEEM
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FIG. 9. AES spectra of a 50-nm-thick Si/Cs/O film, with an
average cluster size of 5 nm, as a function of annealing from room
temperaturga), to 325 °C for 5 min(b), and to 525 °C for 5 min
(c).

(© (d) . - . . :
mation of silicon oxide while some surface cesium and/or

FIG. 7. SAM maps of cesiurnta), oxygen(b), silicon at 92 eV  cesium oxide might have left the film surface and/or cluster-
(c), and carbor(d) from the same area as in Fig. 6. Dark regions ining up at this temperature. The(KLL) Auger signal also
the SAM maps represent areas that have none or very little of thincreased due to intake of contaminants from the vacuum
elements being mapped. chamber upon annealing, a phenomenon we call surface car-

bon poisoning”* Note that the Cs(p) core level at about 12

and FEEM(with an electrostatic field of 1 \W/m) images of eV below the Fermi level is more clearly seen in the UPS
a small portion of the same area seen in the SEM image dfpectra(Fig. 10 of this Si/Cs/O nanocluster film than in the
Fig. 6 are shown in Figs.(8 and (b), respectively. Note previous film, due to a higher Cs content in this sample. The
that, aside from some distortidAthe dark strip in the SEM secondary electron feature near the NEA peak in the UPS
image also appears to be dark in the PEEM and FEEM imspectrgdFigs. 1a), (b), and(c)] of this cluster film varied in
ages. This implies that electrons are much more easily emidetail with annealing, but the NEA peak itself never disap-
ted from the Si/Cs/O nanocluster film than the HOPG subpeared. Therefore the Si/Cs/O compound cluster thin film
strate. This observation is consistent with the NEA indicatedexhibits a NEA that seems to be stable with annealing up to
by the UPS spectrum of the Si/Cs/O nanocluster film. 525 °C. Furthermore, since the 50-nm-thick nanocluster film
examined here is composed entirely of Si/Cs/O clugigith
a fairly uniform size distribution of 52 nm), deposited on
a highly positive electron affinity HOPG substrate, the NEA

Figures 9 and 10 show the AES spectra and UPS spectraported here is likely an intrinsic property of the Si/Cs/O
of a 50-nm-thick Si/Cs/O film, with an average cluster sizeclusters. However, the detailed changes of the secondary
of 5 nm, for different post-annealing temperatures. Annealelectron peak and the origin of the NEA in the cluster film
ing the sample for five minutes at 325°C changed theare not well understood at present and require additional
Si/SiQ /Cs/O ratio from 0.50/1.00/0.30/0.9¢-ig. 9a)] to  study.
0.50/1.00/0.37/1.00Fig. 9b)]. Therefore the effect of an-
nealing at 325°C for 5 min was a surface segregation of 250

cesium and/or cesium oxide. Following five additional min- ,

utes of annealing at 525 °C the Si/SiCs/O ratio evolved 1 W’e
to 0.47/1.00/0.29/1.2Fig. A(c)]. This suggests a further for- ’

e
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FIG. 10. UPS spectra of the Si/Cs/O nanocluster thin film in Fig.
FIG. 8. PEEM(a) and FEEM(b) images of a small portion of 9 as a function of annealing from room temperat(ae to 325 °C
the same area as seen in the SEM image of Fig. 6. for 5 min (b), and to 525 °C for 5 mirc).
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(a) PEEM (b) FEEM

FIG. 11. Room-temperature PEE(d) and FEEM(b) images of
the same area as seen in Fig. 8 after annealing to 325 °C for 5 min.

Figures 11 and 12 show the PEEM and FEEM images of
the same area of the cluster film as shown in Fig. 8 after
annealing. In general, the PEEM and FEEM images show
clear differences in the electron emission behaviors of the FIG. 13. SAM map of cesium from an area slightly larger than
bare HOPG area and the area covered with Si/Cs/O nan@ke one in Fig. 6 after annealing to 525 °C for 5 min.
cluster film up to 525°C. The area covered with the nano-
clusters still readily emitted electrons after heating to 525 °Ction (note the difference in the scales of Figs. 13 ahdThe
Again, this is consistent with the NEA features observed irhigh cesium level in this square area is probably due to direct
the UPS spectréFig. 10 up to this temperature. The con- electron-beam heating and/or oxygen desorption.
trast between the area covered with clusters and the bare
HOPG area decreased, however, in the FEEM images with E. The effect of size and composition
increasing annealing temperatuf€igs. 8b), 11(b), and
12(b)]. This implies a weaker field electron emission from o )
the nanocluster film with annealing, possibly due to surfaceeleetron emission properties of the compound clusters, two

carbon poisoning and/or clustering up of cesium or cesiumSi/CS/O nanocluster thin films were simultaneously depos-
P g g up eﬁed onto two 20-nm arc-deposited carbon coated (8).

oxide on some surface spots. The effect of surface carbon— . . o
b Juring the Si/Cs/O nanocluster deposition, one of the carbon

contamination is expected to be less severe for PEEM, b d Si sub db K as d
cause the electrons detected in PEEM mode include not jugpgte I'su s_trates was covered by a tungs}en mask as de-
ribed earlier in the experiment section. The inset of Fig. 14

surface field emitted electrons, but also photoelectrons an 2 .
secondary electrons that originate within roughly 2—3 nm ofSNOWS & 1758:2500.m" SEM image of the masked sample
the sample surface. As observed in Figé)811(a), and with the mask removed. F|gures(h§¢ar_1d(b) represent typi-
12(a), electron emission in the PEEM mode does not show gal AES spec:]ra of the df’”.k and brr;ght haredaskln the SE'Y']
significant degradation upon annealing. The appearance age. From the spectra, it is seen that the dark areas in t. €
bright spots in the PEEM image of Fig. 12 are probably & EM image correspond to the CabeT‘ coated su_bstrate_, while
result of segregation and agglomeration of cesi@nd/or € Pright areas correspond to regions deposited with the
cesium oxidg to the surface of the compound film upon five Si/Cs/O compound material. There is very little unoxidized
minutes of annealing at 525°C. In Fig. 13, we show theS! and the ratio of Si¢¥Cs/O (corrected for elemental sen-
SAM map of cesium in the general area of Fig. 6 aftersitivity) in the deposited region is 1.00/0.25/1. AFM images
525°C annealing. A bright spahigh cesium contetjust reveal that the Si/Cs/O compound material found in this

above the dark strip can be seen in this SAM image as well

To see the effect of size and composition changes on the

as in the PEEM image of Fig. 12. A bright rectangular area is E T ™
seen in this Cs map and is corresponding to the area bom- = 3
barded with an electron current of about 120 nA at 10 KeV & ]
during previous SAM imaging at a higher magnifica- E 3
T (a)
z o A
> ;.
® (b) Cs(MNNJ
=} 4
[=
@
o O(KLL) E
Ef L saw N
80 160 240 320 400 480 560
Energy (eV)
(a) PEEM (b) FEEM FIG. 14. AES spectra of a carbon coated Si substatand the

regions deposited with 10-nm-thick Si/Cs/O film having clusters in
FIG. 12. Room temperature PEE(M) and FEEM(b) images of  the size range of 1-3 nrth). The inset shows regularly spaced
the same area as seen in Fig. 8 after annealing to 525 °C for 5 mimrrays of circular regions deposited with Si/Cs/O nanoclusters.
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FIG. 15. PEEM(a) and FEEM(b) images of a small section of FIG. 16. Current-voltage characteristi ¢ b

a masked sample. The regions deposited with 10-nm-thick Si/Cs/Q ¢ d' Si ) butr téd\'/ m ?\d d trac e;'g ic CtL::.ViS or 3 cardon
film having clusters in the size range of 1-3 nm appear brightcc.)ae 1 substratggiamona oty a zo-nm-thick-unpatterne

. : . . 'Si/Cs/O film having clusters in the size range of 1-3 nm Si/Cs/O

while the carbon coated Si substrate appears dark in these images. ) .

nanocluster film on the same carbon coated Si substrate sample

) ) before (square dofsand after 600 °C heat treatment in a high-
sample was composed of nanoclusters in the size range Qfcuum chambefcircular dots.

1-3 nm. UPS spectra of the unmasked sample shows fea-

tures similar to those observed in the NEA Si/Cs/O nanoclus-

ters reported earlier in this paper and will not be discussedfilms prepared without Cs did not show similar behayior
again here. The fact that, on the masked sample regiorMore studies on the electron emission properties of this Si-

deposited with Si/Cs/O compound nanoclusteiebout bgsed compound material as a function of cluster sizes and
10-nm thick appear brighter in the SEM image implies a S/Cs/O ratios are needed.
healthy emission of secondary electrons from the Si/Cs/O
nanoclusters when bombarded with a high-voltage electron
current. F. 1-V characteristic

Figures 1%a) and(b) show the PEEM and FEEM images,  Current-voltage characteristic curvéSig. 16 were ob-
respectively, of a small section of the masked sanifiie  tained for a carbon coated Si substrétiamond dots a
two bright spots in the lower right corner of each image were) 5_nm-thick unpatterned Si/Cs/O film having clusters in the
just stray room light reflected off the metal frame surround-gj,¢ range of 1—3 nm on the same carbon coated Si substrate
ing the PEEM’s phosphor screen and a(_:cidentally re(_:ordegefore (square dotsand after 600°C heat treatment in a
by the camerg In both PEEM and FEEM images, the circu- high-vacuum chambefcircular dotg. There was less than

lar regions deposited with Si/Cs/O nanoclusters appear brig to,g A of current drawn from the bare carbon coated Si
while the undeposited areas appear dark. This also suggests K . ,
that electron emission is much easier from the Si/Cs/O nan substrate, whﬂg up to gA was mea;ured at a field of 8.7
cluster material than from the carbon coated Si substrate./'“‘m for_ the Si/Cs/O nanocluster film on the same carbon
The difference in electron emission from these two regions igoated Si substrate. ;I'he current dropped to aboun2 at
due to their differences in work function and electron affin-8:7 V/um after a 600 °C vacuum heat treatment. The turn-on

ity. Figure 15 also suggests that the Si/Cs/O nanocluster m4i€!ds obtained from the curves of Fig. 16 for our Si/Cs/O
terial has a relatively uniform emission site density. Further@nocluster film before and after a 600 °C vacuum heat treat-
more, except for a somewhat weaker intensity, the FEEMMeNt were less than 8.7 M. These turn-on fields were
image[Fig. 15b)] is almost identical to the PEEM image smaller than those found for most diamond surfaces with
[Fig. 15a)]. This implies that most electrons emitted from NEA?® and a factor of 5-10 smaller than Si and Mo tip
this sample were field emitted electrons, not photo or secarrays®®>~*! The current density drawn from our Si/Cs/O
ondary electrons. We cannot, nevertheless, exclude the posanocluster film was also equal to or better than that from
sibility of photoemission in the FEEM mode due to samplediamond surfaces with NEA® S. P. Bozeman’s grodhas
absorbing scattered ultraviolet or x-ray photons generatedbtainedl —V curves for a chemical vapor depositéavD)
from electrons striking the anode. It is interesting to note thatliamond film, the surface of which had been terminated with
the Si/Cs/O compound nanoclusters with average size of Biydrogen through a hydrogen plasma exposure. There, the
+2 nm, reported earlier on, display substantial differences isample area probed was 2—3 mm in diameter, and the anode-
PEEM and FEEM image&igs. 8, 11, and 12 There, photo  cathode distance was varied between 2.6 and &#8The

and secondary electrons emission are much stronger tha@mission thresholds for these curves, defined by the adthors
field electron emission. The enhancement of electron fields the electric fields at which the current exceededu®1
emission in the currently considered sample may be due teanged from 28—84 \Im, respectively.

its smaller average cluster size of 1-3 (s point is pre- Figure 17 shows the Fowler-Nordheim plot of the field
sented in the discussion section on the subband-gap surfaeeissionl -V data for our Si/Cs/O nanocluster film pre-
state model for NEA nanoclusters near the end of this resented in Fig. 16. Fairly good straight line fits to theV
port). However, since the Si/Cs/O ratios are also different indata points in the Fowler-Nordheim plot suggest that the
these two samples, such a conclusion would be prematule-V data for the Si/Cs/O nanocluster film originated from
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FIG. 17. The Fowler-Nordheim plot of the field-emissibiV
data for the Si/Cs/O nanocluster film presented in Fig. 16. The
symbols used here are the same as in Fig. 16. The straight lines are
(©)
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(b)

Ln(UV?) [In(uA/V?)]
>

least-square fits to the data.

@
field electron emission, not space-charge efféchild-
Langmuir law. The Fowler-Nordheim relation for field
emission can be written s 10 mm
<>

| b¢3/2

ln(V_Z)ZIn(a’B)_,B_V’ (4)
wherew is related to the emission area, and to a first approxi-
mation,« andb are constantsg is the geometrical enhance-
ment factor, andp is the work function of the emitter mate-
rial. From the slope and the intercept of the straight-line fits, FIG. 18. The lighted display screen of a diode structure as a
information on the emission area, and the geometrical erfunction of the anode-cathode applied fi¢ll V/um (&), 8 V/um
hancement factor can be obtained if the work function of theb), 9.6 V/um (c), 11 Vium (d), 12.3 Vium (e)]. In this display, the
material is known, and vice versa. However, the Fowler-cathode was covered with a 10-nm-thick Si/Cs/O film having con-
Nordheim relationship was derived strictly for metal field Stituent clusters in the size range of 1-3 nm.
emitters with positive electron affinity. Equatio4) is there- _ _ o
fore not expected to describe field emission from NEA semilowered by as much as 30% without turning off any emission
conducting or dielectric materials adequat&y’® Informa- ~ Site. We tentatively attribute this phenomenon to desorption
tion on the dielectric constant, electron effective m@esce of water and volatile contaminants from the surface of the
energy-band structureof the semiconducting or dielectric cathode due to air exposure. We, at times, also observed
equation for use with nonmetallic materi4fs*”For this rea-  the cathode and/or ITO screen. Such arcing was damaging to
son, we are reluctant to deduce anything quantitative usinf’€ film surface nearby, and often turned those areas off for
Eq. (4). Currently, we are working on obtaining the struc- good. Furthermore, limitations in our admittedly crude setup
tural, optical, and electronic properties of these Si/Cs/aPrevented us from going to higher fields and possibly light-

sometry, x-ray absorption, and photoemission. the PEEM and FEEM images show nearly uniform emission,

yet the diode display shows emission from fewer regions.

This is because PEEM and FEEM images do not require

high operating field¢electrons emitting from the sample are
In order to explore the potential use of the Si/Cs/O nanoamplified and accelerated inside the microscope before strik-

cluster material in a practical application, we have built aing the PEEM’s phosphor screen on the back of a micro-

simple demonstration display employing a diode structure. Irthannel plate We therefore are engaged in the construction

this display, the cathode was covered with a 10-nm-thickof an improved display structure that would allow operation

Si/Cs/O film with clusters in the size range of 1-3 nm. Fig-at higher applied fields and without the above-mentioned

ure 18 shows the display screen for various applied fieldedge arching problem.

between the anode and cath¢@ev/um (a), 8 V/um (b), 9.6

V/um (c), 11 V/um (d), 12.3 Vium (e)]. At an applied field IV. DISCUSSION

of about 8 Vjum, many emission sites have lit up some '

portion of the screefb). As the applied field was increased It is interesting to note that we did not encounter any

to 9.6 Vjum (c), 11 V/um (d), 12.3 Vium (e), additional  charging problem performing Auger, UPS, XPS, PEEM, and

emission sites became active. After the onset of new emid~FEEM on the Si/Cs/O nanocluster films presented in this

sion sites, it was observed that the applied field could bgaper, considering that they are dielectrics or semiconductors

G. A simple diode field-emission display
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lar argument can also be applied to the case of PE&M
photocathode applicationsFurthermore, if the cluster film
thickness is much less than the optical penetration depth of
.............. ¢ the incoming UV photons, electrons from the metal side can
M . . .
- ‘ absorb the incoming light as well. Many photo and second-
Sub-bandgap { ary electrons from the metal contact can readily flow onto
Surface oL T = the nanocluster film side at the clusters/metal interface
states N\ e 0 i through these subband-gap surface states enhancing the
occupied ~ - * R emission process in the nanocluster film. Note also that as
AR the average size of the nanoclusters is reduced, the ratio of
subband-gap surface states to bulk states increases. More
subband-gap surface states at the metal/NEA nanocluster
film interface mean better electron flows across this junction,
FIG. 19. Qualitative energy diagrams, including surface relatedvhich translate into a more stable and enhanced field emis-
traps, of a nanocluster base film with NEA grown on a metal sub-sion process. However, because of the quantum confinement
strate, and at thermal equilibrium. Heig, ¢y, Eyv, Ec, andEr  effect, there are a quantization of the electronic density of
stand for the work function of the nanocluster thin film, work func- states and an increase in the band gaps of nanoclusters as
tion of the metal contact, valence-band maximum energy level ofheir sizes decreage*84°This quantum confinement effect,
the nanocluster f||m, conduction-band minimum of the nanoclustebonsequently, negates Somewhat the |ncrease |n Conduct|v|ty

film, and the Fermi level of the whole system at the equilibrium, 5f small nanocluster film due to subband-gap surface states.
respectively. The fine broken lines in the band-gap region of the

nanocluster film represent subband-gap surface states. The band
bending region near the metal/cluster film junction is due to charge
transfer to align the Fermi level at equilibrium. For very thin semi- We have demonstrated a technique to produce Si/Cs/O
conductor(or dielectrig cluster films, like the ones described in this nanocluster thin films with NEA which is stable with envi-
paper, the band bending region extends throughout the film. ronment and temperature up to 525 °C. However, the origin
o ) , i of the NEA and changes of the secondary electron peak
at best. Thls mterestmg behavior of the nan(_)cluster films ca@¢rycture in UPS spectra with annealing temperatures are not
be explained in terms of surface states with energy levelgompletely understood at present and require further study.
existing in the forbidden band gap. Nanoclusters have large \ye nave also presented the electron emission properties
surface-to-volume ratios, so surface states related to dangling tne system of Si/Cs/O compound nanocluster films on
bonds, surface stress/strain, and many other type of defect$pon coated Si substrates. Under high-energy electron
are expectgd to be.significant. Many of these surface state§ombardment, regions deposited with Si/Cs/O compound
especially in the Si-based nanoclusters, are alggo known tQanoclusters on a masked sample appear brighter than the
have energy levels in the subband-gap regfcit > These carbon substrate in the SEM image. This implies an easy
occupied and empty subband-gap states can be most easiliyission of secondary electrons from the Si/Cs/O nanoclus-
detected by optical techniques such as photoluminescenggs when bombarded with a high-voltage electron current.
and photoabsorption. o Field electron emission from the Si/Cs/O nanocluster films
~ The energy diagram of a NEA nanocluster thin film/metalgxpibit lower turn-on fields than most NEA diamond sur-
junction is qualitatively represented in Fig. 18Ssuming  aces and Si or Mo tip arrays. The emission currents obtained
NEA as an intrinsic property for these nanoclustehs this o these films are equal to or greater than most NEA dia-
figure, ¢, v, Ev, Ec, andEg stand for the work function  mong surfaces. The cluster size/distribution and Si/Cs/O ra-
of the nanocluster thin film, work function of the metal con- j5 seem to have an influence on the relative strength of the
tact, valence-band maximum energy level of the nanoclust&snoto and field electron currents and requires further study.
film, conduction-band minimum of the nanocluster film, andgjnce the presence of NEA in the Si/Cs/O nanocluster films
the Fermi level of the whole system at thermal equilibrium, 4, not require any surface termination or any ordered surface
respectively. The fine broken lines in the band-gap region of;rycture, the NEA here is likely an intrinsic property of the
the nanocluster film represent subband-gap surface states.sj/cs/0 nanocluster films. Even so, the possibility of the
In the case of field emission, electrons from a metal conyccigental existence of some kinds of Cs related surface di-
tact or from the occupied states of the nanocluster film Camoles cannot be excluded. We report on the synthesis and
come to the surface by filling up the empty subband-gapsiectron emission properties of a Si-based nanocluster mate-
surface states. The energy barriers that these electrons hayg| which appears to have a great promise in electron emit-

to overcome to fill up these subband-gap surface states afgg device application, particularly field-emission flat panel
smaller than the energy it requires to bring the electrons tgjispjays.

the bottom of the conduction band of the nanocluster thin
film. Hence it takes a smaller field to start the field emission
process from nanoclusters with abundant surface states than
from larger-dimension materials. Once the field emission be- We thank Professor F. Wooten and Dr. R. G. Musket for
gins, it is through these subband-gap states that electroelpful discussions, and A. B. Balazs for some of the AFM
from the metal contact may flow onto the cluster sikeep-  work. This work was performed under the auspices of the
ing the Fermi level constant across the nanocluster filmlU.S. Department of Energy by Lawrence Livermore National
metal contadtto avoid a difficult charging problem. A simi- Laboratory under Contract No. W-7405-ENG-48.

empty

Nanocluster film Metal dontact
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