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p-doped silicon field emitters were studied experimentally to assess their usefulness in multibeam
electron lithography. Both individual emitters and emitter arrays were fabricated from single crystal
Si wafers with several doping levels. Current-voltage curves were measured for different
temperatures and illumination conditions. The typical plateaus in theI-V curves and the sensitivity
to light known from the literature were reproduced. Stability measurements showed a very stable
total emission current even while the angular emission distribution fluctuated strongly, giving
unstable currents in apertured beams. Measured light response times varied between 34 ns and 20
µs, depending on experimental conditions. It was found that in the plateau of theI-V curve, the
energy of the electrons shifts over up to 100 eV when changing the extraction voltage over a few
kilovolts. In operation, when the current is stable, the energy shift is rather unstable. The
experimental results are discussed within a model of the emission process involving an inducedp-n
junction inside the tip. The conclusion is thatp-doped silicon field emitters are not particularly
useful for applications in electron beam lithography.© 2005 American Vacuum Society.
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I. INTRODUCTION

Silicon field emitters have been considered as elec
sources for many different applications: flat screen disp
vacuum microelectronic devices, electron microscopes
crowave tubes, lithography apparatus, even
photocathodes.1 p-type silicon emitters have drawn spec
attention because under certain operating conditions
emission current can be extremely stable.2 In addition,
the emission can be switched on and off by illumination w
visible light.3,4 We became interested in the use ofp-doped
silicon emitters for multi beam electron lithography. Elect
beam lithography is a relatively old subject: Electron be
pattern generators have been in use for several decades
in academic labs for writing nanostructures and in indu
for writing masks and prototype electronic circuits. The
for direct patterning of silicon is limited because of
throughput problem: Although the resolution approache
nm, it takes many hours to write one full wafer, even with
nm patterns. Yet there are new efforts to increase
throughput as the industry moves toward 45 nm design r
The move to systems with a large number of beams in
allel is almost inescapable. Depending on the writing s
egy this number may vary from several hundreds to ev
million beams in parallel.5 If an array of light sensitive fiel
emitters could be produced with the right properties,
would be the ideal source for such a system. The req

adPresent address: Van der Waals-Zeeman Instituut, Universiteit van A
dam Valckenierstraat 65-67, Amsterdam, The Netherlands.

bd
Electronic mail: P.Kruit@tnw.tudelft.nl

359 J. Vac. Sci. Technol. B 23 „2…, Mar/Apr 2005 0734-211X/2005/
,
-

e

th

.
-

-

ments for lithography are fairly stringent. For a typical s
tem with multiple Gaussian beams, each beam must fo
few nanoamperes into a spot of a few tens of nanome
This results in strict demands both on source brightnes
on energy spread. The current must be stable to within a
percent and all beams must contain the same curre
within a few percent. Since one pixelsdesign rule or critica
dimension squaredd in the written pattern contains only a fe
thousand electrons and the edge position must be defin
within a fraction of that pixel, the beam must be switched
or on within the order of nanoseconds. In such a short
the beam delivers only a few hundred electrons. Publi
experimental results by Schroderet al.6 were very promising
large arrays of emitters with homogeneous and stable
sion, sensitive to light with high quantum yields and, w
cooled, low dark current. The authors had examined
usefulness for photocathode applications. For our applic
we also needed to know properties such as time-resp
virtual source sizes, emission angles, energy spread o
beams, stability of apertured beams, stability of beam d
tion, and cross talk between emitters. A good model of t
“photo field emitters” or “semiconductor field-emission ca
odes” or “field emission photo cathodessFEPd” would have
helped to make predictions of those properties. Howe
although the literature on the subject started in 1952sRef. 7d
and several groups have suggested models,4,8–11we could no
find a clear, unambiguous, quantitative model. We perfor
many experiments on individual emitters and small array
emitters, the results of which we describe in the presen
per. In order to have a theoretical context for discussing
r-
experimental results, the next section will first describe our
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presently preferred model for field emission fromp-type
semiconductors, based both on models in the literature
pecially from Arthur,8 Schroderet al.,6 and Hiranoet al.12

and on our own observations.

II. EMISSION MODEL

Field emission is usually modeled using the Fow
NordheimsF–Nd theory.13 The theory gives the emission c
rent density as a function of electric field strength on
surface, the work function, and the electron density in
material. The electric field strength on the tip depends
only on the applied extraction voltage, but also on the
height, tip radius, and shape, through the “field enhance
factor” sbd. We assume that the F–N theory is basically
valid, but for p-type semiconductors it is more complica
to find the electron density and the field on the surface
external field on a semiconductor causes band bending
field penetration. At the extreme fields necessary for
emission the band bending is sufficient to create an-type
layer at the apex. The electrons in then-type apex are als
necessary to have a smaller field inside the tip than ou
the tip. With then-type apex on thep-type material, ap-n
junction is created inside the tip, with its associated deple
layer. When a current is drawn from the tip, the junction i
reverse bias, with a junction voltage that is determined b
current through the junction. The junction voltage redu
the field at the apex, not just because the extraction volta
effectively lower, but much more because of a lower fi
enhancement factor. This can be understood by realizing
the enhancement is totally gone when the voltage over th
is equal to the average cathode-anode field times the h
of the tip. The model is summarized by the electric circu
Fig. 1. The circuit consists of a current source at the ti
the emitter, in series with ap-n junction or diode in revers
bias with a capacitance in parallel. Between the field e
sion photo cathodesFEPd and the extractorsdrawn here as a
extractor apertured, an extraction potential is applie

FIG. 1. Electrical circuit that models thep-type Si field emitter tip.
sVextractord. With this model four different regimes for the
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applied extraction potential can be distinguished. In the
regime Vextractor is small such that the emission curren
smaller than the diode dark current. In this regime the cu
is therefore not limited by the diode but by the transpare
of the surface-vacuum barrier. With increasing Vextractor the
surface-vacuum barrier becomes more transparent an
emission current increases. Since the transparency of th
face vacuum barrier determines the emission current, al
cesses that change the transparency of the surface va
barrier sfor instance: gas atoms moving on and off thed
influence the emission current. At a certain Vextractorthe diode
limits the emission current at a level equal to the diode
current. In this second regime the current is almost con
with increasing Vextractor and is invariant to changes of t
transparency of the surface-vacuum barrier. Howeve
small change in current gives a large change of the jun
voltage. This regime is called the plateau region. In the
region Vextractor is such that the potential over the diode
ceeds the breakdown voltage of the diode, resulting in a
supply of electrons to the emitter tip. The current will
crease rapidly until the transparency of the surface-vac
barrier is again the current-limiting factorsregion 4d. The
dark current and breakdown voltage of the diode are re
to the doping level of thep-type Si. The dark current of th
diode can also be changed by the amount of light incide
the FEP. With the extraction potential set such that the e
ter is operated in the plateau regime the emission curren
therefore be modulated by the amount of light inciden
the FEP; i.e., modulating the diode dark current. The ca
tance in Fig. 1 is a combination of the junction capacita
and the capacitance between the apex and the extracto
trode. It results in a small delay in the feedback loop
limits the light response time. Since the capacitance is s
it can only be detected for small currents.

III. FABRICATION

The p-type silicon field emitter array samples are fa
cated at the clean-room facility DIMES of Delft Univers
of Technology. The fabrication is done in a series of st

FIG. 2. Schematic overview of the process steps involved in makingp-type
silicon emitters.
see Fig. 2. A single side polisheds1d p-type Si wafer with the
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desired resistivity is used. A layer of SixNy of 100 nm or
more is deposited on both sides by low pressure chem
vapor depositions2d. Next the backside is spin coated w
resist and exposed with near ultra violetsNUVd s3d and s4d.
After developing the backside, the pattern in resist is tr
ferred into the nitride layers5d. Then the wafer is etched wi
KOH until a membrane of about 40mm is left s6d. The mem
brane is essential to enable backside illumination of
sample. It must be sufficiently thin for either the light or
photoelectrons to reach the depletion layer in the tip. Fo
fabrication of the emitters the desired array of circle
printed in resists7d with NUV s8d. Again this pattern is tran
ferred into the nitride layer using a CHF3/O2 plasmas9d.
After the pattern transfer, a short HF dip is performed
remove the thin oxide layer present on the bare sili
Thereafter the wafer is etched isotropic with HNA-etchsHF
1 nitric acid 1 acetic acidd to create an array of emitters
Si s10d. After the tips are formed the wafer is thoroug
cleaned in a solution of 5 parts H2O, 2 parts H2O2, and 1 par
NH4. The tip radii of the emitters is reduced by therm
oxidation and HF dipping for oxide removal until the em
ters on the membrane have tip radii of 10–20 nms11d. Figure
3 shows a typical image of an emitter after fabrication
oxidation. In Fig. 4 the largest array fabricated is shown,
array consists of 4000 emitters.

IV. EXPERIMENTAL SETUPS

All experimental setups consist of a vacuum cham
with an operating pressure of 10−7–10−8 mbar. The sample
are mounted in a custom made polished sample holder t
connected to a voltage source that can change the vo
from 210 to 0 kV. In Fig. 5 a schematic overview of t
three setups used is given. At a distance of about 0.6
from the sample either a YAG screenssetup 1 and 3d or an
extraction aperture of about 500µm ssetup 2d is placed. The
YAG screen or the aperture are both mounted in a poli
holder and connected to a voltage source that can chan
potential from 0 to110 kV. In setup 3 the YAG-samp

FIG. 3. Typical p-type silicon single emitter fabricated at DIMES with
inset a zoom-in image of the emitter tip.
distance can be changed. In setup 2 behind the extractio
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aperture at a distance of 10 mm, a plate with a 5 mm ho
0 V is positioned with a metal cylinder for electrical shie
ing of the electron beam from the contacting wires.
sample is thermally connected to an ethanol-cooling unit
can control the temperature of the sample between
temperature and290 °Cssetup 1d and220 °Cssetup 2d. The
emission current can be measured directly with a cu
meter connected to the YAG screen and indirectly by m
of a photomultiplierspmd that detects the light from the YA
screen. Setup 2 has the possibility of inserting a retar
grid in the electron beam consisting of three parallel grid
a distance of about 2 mm apart, with grid sizes of 60mm;
30 mm and 1 mm, respectively. The grid is used for mea
ing the energy of the emitted electrons. Setup 3 has
microscope objectives inside the vacuum chamber. Thes
jectives are used to focus the laser on the FEP with a

FIG. 4. Large array of about 4000 emitters fabricated at DIMES.
nFIG. 5. Schematic overview of the three setups used for the measurements.
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size of about 6mm. The second objective is for detecting
e-beam spots on the YAG screen. The FEP sample holde
be moved with a piezostage with an accuracy of better
10 nm. The whole experiment is immersed in a magn
field of up to 0.5 T that can focus the beam from the em
to the YAG screen. For illumination of the emitters a 658
25 mW laser diode is used that illuminates the emitters
the backside of the sample. The switching time of this d
is 50 ns. For the ultra fast light response measurements
658 nm, a 10 ns diode laser is used.

V. EXPERIMENTAL RESULTS

Most experiments are performed on samples with a s
emitter tip. Only for statistical information on the yield of t
emitters a few measurements were made on multiple em
samples. From these measurements it is clear that the y
over 50% without optimizing the fabrication method.
Fig. 6 the typical emission pattern on a YAG screen fro
434 emitter array in setup 1 is shown. The picture is ta
with a charge-coupled devicesCCDd camera. In this figur
one can see that about 70% of the emitters are working

A. I-V characteristics

Several authors have published emission cur
extraction voltagesI-Vd measurements on arrays ofp-type Si
emitters, often presented in the form of Fowler–Nordh
plots. In particular, the work of Thomas, and Schroderet al.,6

Thomaset al.,14 and Thomas and Nathanson15 Nathanson,3

demonstrates clearly, as a function of temperature and
intensity, the occurrance of a plateau region, where the e
sion current is independent of extraction voltage. No m
surements on microscopic individual silicon tips have b
performed to date. OurI-V measurements on single emitt

FIG. 6. Typical CCD image of the emission current from a 434 array on a
YAG screen
consist of changing either the sample or the aperture/YAG
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potential and measuring the emission current. In Fig.
typical set ofI-V measurements is shown. The measurem
is performed on a 0.01V cm sample at room temperatu
with no light incident on the FEPsdark currentd. The unique
feature of these measurements is that the different curve
measured right after each other, as fast as possible, try
keep the apex condition of the tip unchanged during the
surement of a full curve. Each curve takes about 20 s, w
is determined by the time needed to stabilize the extra
potential. Figure 7 now clearly shows the origin of the
bility of the current in the plateau region. The instability
the current in region 1 and 4ssee discussion of emissi
modeld is clearly visible: For a given extraction potential,
current may fluctuate over more than an order of magni
Changes in work function or shape of the apex due to
sidual gas atoms are manifested as shifts in theI-V curves
with respect to the extractor potential. Only in the plat
region, the emission current is determined by the amou
electrons generated in the depletion region of the em
sdiode dark currentd. The diode dark current is dependent
the temperature. In Fig. 8 dark currentI-V measurements o
a 20V cm sample for different temperatures are shown.
lowest curve in Fig. 8 is the current measurement lim
setup 1 which is calculated from the sensitivity of the p
tomultiplier for the light from the YAG screen and correc
for the energy of the electrons. The figure shows clearly

FIG. 7. Dark currentI-V characteristics of a highlyp-doped single emitter
room temperature.

FIG. 8. Dark currentI-V characteristics of a 20V* cm single emitter a

different temperatures.
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with a change in temperature from 20 °C to285 °C a chang
in emission current of three decadess10 pA–10 nA at 14 kVd
is realized. The different plateaus in the plot are para
which indicates that the dark current of the diode is ind
the limiting factor and that the surface vacuum barrier is
of any influence on theI-V characteristic in this region. Th
amount of electrons generated in the depletion region
certain temperature can also be changed by exciting elec
with light. In Fig. 9 the emission current change with
change of the amount of light power incident on the FE
285 °C and 14 kV is shown. The data is extracted fromI-V
characteristics at the different light intensities. At low li
intensitiess, 3 mWd the current increases linearly with t
light power. For larger light intensities the current start
saturate. Since only electron hole pairs generated withi
depletion region are separated resulting in an emission
rent, the width of the depletion region, which is influen
by the doping concentration, determines the dark curren
Fig. 10 dark currentI-V characteristics of samples with d
ferent doping levels at room temperature are shown. AlI-V
characteristics in Fig. 10 show a plateau starting at abo
kV. This is determined by the physical shapes of the emit
which are similar since the fabrication method is the s
for all emittersssimilar b and thus similar field at the emitt
tipd. The end and the height of the plateau are determine
the size of the depletion region and thus change for diffe

FIG. 9. Emission current at 14 kV,285 °C for different light powers inc
dent on the FEP.

FIG. 10. Dark currentI-V characteristics of samples with different dop

levels at room temperature.

JVST B - Microelectronics and Nanometer Structures
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doping levels. For high doping levelsslow resistivityd, the
depletion region is smaller and therefore the internal d
breakdown field is reached sooner and the dark curre
smaller. This is best visible in the lowest plot in Fig.
where a small plateau is visible. The size of the other
teaus is unknown since it is outside the scope of the s
s10 kV max for setup 1 and 20 kV max for setups 2 andd,
but it is clearly larger which is expected from the dop
level. Figure 10 shows the increase in dark current with
creasing doping levelslarger resistivityd. The dark current i
partly generated at surface states;6,16 this effect is wel
known for p-n junctions in metal-oxide-semiconductor
vices. The surface states exist mainly on the Si SiO2 interface
where there is a structural mismatch between the S la
and the slightly larger SiO2 lattice. The amount of surfa
states can be reduced by passivation of the Si–2
interface.17,18 There are many different methods to passi
this interface. In Fig. 11 the result of N2O passivation on th
dark current at room temperature is shown. For this plot,
samples are shown which have been measured both b
and after passivation.

B. Current stability

Although current fromp-type Si emitters is often report
to be “stable” in the plateau region, quantitative stab
measurements on individual tips are rare.2 In Fig. 12, a full

FIG. 11. Dark currentI-V characteristics at room temperature of diffe
samples with and without a N2 annealing step.

FIG. 12. Current stability at plateau region with 30 mW, 658 nm laser

mination is smaller than 1% 3s.



re i
tter
the
Fig.
face
mov
nce
lly;

nd t
s thi
lmos
t. In
re-

ang
mis
tha
ack
no

ctio

the
rns

ck of
Oc-
seen
e
qua-
ea-

ident
otal
ring
about
ttom
that
nsity
in a
AG
-
ibed

over

on
nt

.

364 Teepen et al. : Fabrication and characterization of p-type silicon 364
laser current stability measurement at room temperatu
shown over a time period of 10 min. The stability is be
than 1% 3s, which is extremely stable in contrast to
stability of the emission current in region 1 as shown in
13. The current in this region is determined by the sur
vacuum barrier and therefore changes with every atom
ing on and off the emitter tip. One atom change, for insta
moving on the tip, changes the work function dramatica
the surface vacuum barrier becomes more transparent a
emission current increases. The current in Fig. 13 show
behavior clearly; here the emission current changes a
two orders of magnitude during the stability measuremen
Fig. 12 the total emission current is very stable but still
sidual gas atoms do move on and off the emitter tip, ch
ing work function and shape. The reason that the total e
sion current does not change, according to our model, is
the field at the apex is adjusted by the intrinsic feedb
mechanism. However, this feedback mechanism does
guarantee that the emission will also be in the same dire

FIG. 13. Current stability not on the plateau, the current fluctuates
about two orders of magnitude.
J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005
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In Fig. 14 we show angular current density patterns from
same tip at different times. It is clear that the patte
change, while the total emission current is stable. The la
detail in the plots indicates that the tips are very sharp.
casionally, we see the typical structures that are also
from carbon nanotubes,19 with two or four lobes that ar
interpreted as fully coherent emission through double or
druple emission sites. In Fig. 15 two current stability m
surements are shown at room temperature with light inc
on the FEP. The top plot is of the current stability of the t
emission current; the bottom plot shows the current du
the same period measured through a fixed aperture of
1% of the total emission spot on the YAG screen. The bo
plot is clearly less stable than the top plot. This shows
the residual gas atoms result in an angular current de
change, which results in an unstable emission current
small fixed area of the total emission area on the Y
screen. The stability is 3% and 50% 3s for the top and bot
tom plot, respectively. The current stability plots descr

FIG. 14. CCD images of an emissi
pattern of a single emitter at differe
times.

FIG. 15. Current stability at plateau region withoutstopd and with sbottomd
an apertures1% of total aread. The stability is 3% and 50% 3s, respectively
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above are long-termsup to 10 mind stability measurement
In Fig. 16 a short-term dark current stability in the plat
region is shown. The current is quite stable but regula
peak in the current is observed. The peak can only be
visible at very low emission currents. The data in the fig
is recorded at220 °C. The number of electrons associa
with this peak is about 600. This is the reason why the p
can only be observed at small currents; otherwise the
surement system cannot distinguish it from the noise. A l
portion of the variation measured in the background in
16 is poison noise. We interpret this measurement a
proof of a feedback mechanism: It takes a certain charge
thus time for the reverse diode in the tip to adjust its vol
drop and adjust the field at the apex.

C. Energy shift

Measurements of the energy of the emitted electron
large singlep-Si emitter tips on the end of a wire8,10,20,21

show large potential drops over the emitter: up to 2 kV a
extraction potential of 6 kV. The potential drop depended

FIG. 16. Current peak during dark current stability measurement. The
face below the peak amounts to about 600 electrons.
JVST B - Microelectronics and Nanometer Structures
e

-

e
d

extraction potential and illumination level. No measurem
on the potential drop or energy shift are known on emi
of micrometer size.

The energy shift during a standardI-V measurement
recorded in our experiments by measuring the energy s
at each point of theI-V curve. The difference between t
center of the energy spread and the sample potential
energy shift. In Fig. 17, a typical shift measurement at r
temperature is shown. The energy of the emitted elec
clearly changes with the applied field. In region 1s,6 kVd
the shift is constant, changing into a shift that is almost li
with the change in extraction field. The inset in Fig.
shows theI-V characteristic of this tip while illuminated wi
light. It is interesting to see that the plateau region star
about 6 kV: the same point at which the energy shift star
increase. Our interpretation is that at this point the d
starts to limit the current. The shift measurements in Fig
are time averaged. In Fig. 18, the shiftsfor a different tip
than of Fig. 17d is plotted as a function of emission curre
The individual measurement points, from a retarding
energy scan, were made as fast as possible, because

-FIG. 17. Energy shift change with changing extractor potential at r
temperature.

FIG. 18. Energy shift plotted as a function of emiss
current for three different light intensities. Notice
typical behavior of a light illuminated diode.
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ergy shift turned out to be very unstable. The error ba
Fig. 18 give the variation in total emission current for e
measurement point. Part of the emission current axis c
be filled by measurements at one extraction voltage, be
the shift jumped over a range of typically 10 to 25 V. In
dark current measurement, the shift jumps are large, bu
current jumps are small. With light illumination, the ene
jumps are a bit smaller, but the current jumps larger. G
an extraction voltage, the shift decreases slowly with incr
ing light intensity. The shift offset of about 10 V is une
plained, but the rest of the curves show the typical beha
of a light illuminated diode.

D. Light response

There is not much known about the transient respon
the emission of a photo field emitter to a light pulse. The
some work done on the response on a light pulse of a
emission array,4 where typical response times varied fr
the millisecond range to the submicrosecond range dep
ing on extraction potential, illumination level, temperatu
and thickness of the sample.

The switching speed of one of our tips is shown in F
19. The light intensity decreases with the maximum emis
current of the different plots. The measurements are
formed at room temperature. Att=0 ms the laser is switche
on and att=70 ms it is switched off again. Figure 19 clea
shows that the switch-on speed of the FEP changes wit
maximum emission current; large current results in
switching. The switch-off time is almost constant. The fas
switch on and off time measured is 34 and 130 ns, res
tively. Figure 11 shows the impact of passivation on the
current of the FEP. In Fig. 20 the result of H2 passivation
light response is shown. Att=0 ms the laser is turned on a
at t=5 ms it is turned off again. The amount of light incide
on the FEP and the extraction potential is kept consta
both measurements but the emission current changed
after passivation; for clarity, the emission current is scale
compare the two light response curves. We interpret this
change in the diode capacitance through the passivati
surface defects. The measurements performed above u

FIG. 19. Light response of the FEP on different light intensities at r
temperature.
relatively large laser spot of about 1 mm on the backside o

J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005
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the FEP to ensure an easy alignment of the laser on the
In order to measure the light sensitive area, the spot si
the laser is about 6mm. The FEP is scanned with a sta
perpendicular to the laser beam and simultaneously the
sion current is detected. The measurements are perform
different light intensities and at room temperature with b
a 2000 and 85V cm FEP. In Fig. 21 the light sensitive a
of the two samples is shown. All data is normalized for c
parison and the top three data sets are shifted for cl
From Fig. 21 it is clear that increasing the light power ha
effect on the light sensitive area. For the 2000V cm sample
the full width at half maximum changes with light pow
from 75 to 51mm for 66 and 0.66mW laser incident on th
FEP. The 85V cm sample clearly has a smaller detec
area which is about 17mm with 22 mW laser light inciden
on the FEP. For larger light intensities and smaller resist
shigher p dopedd the light sensitive area decreases. The
ameter of the base of the emitter is about 10mm. In Fig. 9
the emission current change with respect to the light pow
shown. Since the light spot of the laser used for this m
surement was larger than the detection area of the emi
is not possible to calculate the quantum efficiency of the
from this figure. In Fig. 22 the quantum efficiency of a 2
V cm FEP at room temperature is shown. The laser
used was focused to a spot of 6mm and scanned over t
backside of the FEP; the maximum current of the sca

FIG. 20. Light response of the FEP at room temperature before and a
constant light intensity with scaled emission current.

FIG. 21. Light sensitive area for two different FEP samples. Top pl
2000V* cm at 66, 0.66, and 0m W laser power respectively and bottom p

*
fis a 85V cm at 22m W.
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used for the calculation of the quantum efficiency. All los
for glass, filters, and mirrors are taken into account for
calculation of the quantum efficiency. In Fig. 22 it is cl
that the quantum efficiency drops dramatically from ab
200% to less than 20% with increasing light intensity. Th
consistent with the data shown in Fig. 9 where the emis
current remains constant with increasing light power ab
15 mW. The inset of Fig. 22 shows the measurements o
quantum efficiency of a 85V cm sample. Here the quantu
efficiency is constantswithin a few percentd over about th
same intensity range, which is also consistent with the
shown in Fig. 9. The quantum efficiency for high resistiv
samples is clearly larger than that of low resistivity samp

E. Onset

Usually the measurements on the FEP showed cu
behavior at the first fewI-V characteristics after fabricatio
The first I-V characteristic differs considerably from theI-V
characteristics measured later on. This onset effect is s
in Figs. 23 and 24 showing two different kind of onset
havior encountered. Both plots show dark currentI-V char-
acteristics at room temperature of new FEP samples
without any treatment except for inserting in vacuum be
starting theI-V measurement. In Fig. 23 it is shown that
FEP does not yet work until past the field necessary in
sequent measurements. The second type of onset is sho

FIG. 22. Quantum efficiency of a 2000V* cm FEP. The inset shows t
quantum efficiency of a 85V* cm FEP, both at room temperature.

FIG. 23. Dark currentI-V characteristics with onset of FEPsopen trianglesd

where emission current starts much later than in subsequentI-V curves.
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Fig. 24 where the emission current in the plateau regio
the first I-V curve is very large and decreases until it is c
stant. This decreasing of the current is clearly an emis
current induced phenomenon, since stopping the mea
ment after oneI-V curve and starting again later on result
the same plot as shown here where theI-V measurements a
recorded right after each other. It was investigated if
onset is a surface induced effect by oxidizing and HF dip
the FEP several times between measurements. The on
fect did return but no correlation between the amoun
oxide growth and removal steps was found. We do not
derstand the onset phenomena.

VI. DISCUSSION

The data shown here is generally consistent with
model given in section II. The shape of and changes in
I-V characteristics are well explained within this model,
it must be noted that they can also be explained in o
models. The emission current in the plateau region dep
on the concentration of free electrons in the depletion re
just as the dark current in a diode, which can be cha
with temperature, intensity of light incident on the FEP
doping levelsFigs. 8–10d. The shape of the emitter tip ha
large influence on the extraction voltage needed for e
sion, but this is generally true for field emittersssee differen
I-V curves Figs. 7, 8, 10, and 11d. The stability of the emis
sion current in regions 1, 3, and 4 is limited by the trans
ency of the surface vacuum barrier and therefore ins
since residual gas atoms change the work function and
constantlysFigs. 7 and 13d. This effect is still visible in th
instability of the angular current density in the plateau re
sFig. 15d. Figure 11 clearly shows that the emission curre
also related to the amount of surface defects. The la
component of the two mechanisms determines the heig
the dark current plateau. The fact that passivation also h
effect on the light responsesFig. 11d shows that parts of th
surface defects are located inside the depletion region
current measured here is very stableswithin 1% 3s; see Fig
12d. However, we have shown in Fig. 16 that there are
rent bursts, which we associate with changes at the tip

FIG. 24. Dark currentI-V characteristics with onset of a FEP where the
I-V curve has larger emission current in the plateau region which dec
until it is constant.
We could only make them visible at extremely small cur-



d d
um

pea
t of
600
f th
t
nse

e
ts th
ma

vate
be
hen
ith

s in
rary
new
ere
rfac
d th
the

sion
P is
er

rger
an
ing
nno

ome
ex-
t of

tum

he
m e
ely
here

-hol
othe
The
th
ion

The
hift

limit
ges
enl
the
nge
im-
hav
is-

avior
. II

-
tion
hog-
tion
f the
tiv-
ugh

stive
sur-
ity of

the
typi-
but
sion
ms,

ured
bil-

tron
tured
y of
other
e are

is a
few

le
rch
is, on
cold

on-
ergy
rrent

rans
the

port
d by

hys.

SR,

EEE

368 Teepen et al. : Fabrication and characterization of p-type silicon 368
rents, where the current increases instantaneously an
creases in about 500 ns to its original value, but we ass
that they are also present at higher currents, where the
will be higher and shorter. It is found that the amoun
electrons associated with this peak is typically about
The current peak is the result of the small capacitance o
emitter tip. Due to this capacitancessee Fig. 1d the curren
takes time to restore its original value. The finite respo
time after switching light intensitiessFig. 19d can also b
assigned to the emitter tip capacitance. For large curren
charging of the capacitance takes less time than for s
currents. Both in the largest current curve and the passi
curve in Fig. 20 a small overshoot is visible. This might
explained by a change in the size of the inversion layer w
changing the intensity of the light incident on the FEP. W
that, the capacitance also changes. This change result
short excess of electrons which is however only tempo
so what results is a slow decay in current towards a
equilibrium situation. This is also clear from Fig. 20 wh
the capacitance is changed through the passivation of su
defects. The overall capacitance has become smaller an
change in capacitance by the light is now better visible in
overshoot in current. In Fig. 9 saturation of the emis
current with increasing light intensity incident on the FE
visible. This saturation is probably due to Aug
recombination.22 The excess carrier density becomes la
at higher light intensities, increasing the probability of
electron hole recombination, which results in the flatten
of the curve. The current saturation at larger currents ca
be due to the fact that the surface vacuum barrier bec
the current limiting factor, because at 14 kV the data is
tracted from the middle of the plateau region. The effec
Auger saturation is also visible in the plot of the quan
efficiency versus the light intensitysFig. 22d. The quantum
efficiency drops clearly with increasing light intensity. T
quantum efficiency measurements show that the quantu
ficiency of p-type silicon can be over 100%. This is larg
dependent on the resistivity where the lower resistivity
shows only a quantum efficiency of 10%sFig. 22d. For a
smaller depletion regionssmaller resistivityd, the quantum
efficiency is smaller because the generated electron
pairs are only separated inside the depletion region, in
words: The depletion region is the light sensitive area.
light sensitive area datasFig. 21d shows the influence of bo
resistivity and light intensity on the size of the deplet
layer. For larger resistivityslarger depletion regiond, the light
sensitive area is clearly larger than for lower resistivity.
depletion region also increases with light intensity. The s
changes from the moment the diode becomes current
ing sFig. 17d. The fact that light incident on the FEP chan
the diode is also the reason for the shift to change sudd
when the light intensity incident on the FEP changes. If
diode changes, the voltage drop over the diode also cha
resulting in an energy shift of the emitted electrons. An
portant result from these studies is the insight into the be
ior of energy shift as a function of extraction voltage, em

sion current and light intensity. In combination with the
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occurrence of short current bursts, the energy shift beh
is the foundation of our conviction that the model of Sec
is a good model forp-type semiconductor emitters.

A. Consequences for applications in lithography

The aim of the research onp-type silicon cold field emit
ters was the application in a lithography tool. In this sec
the consequences of our results for the application in lit
raphy will be described. The emission current at illumina
of the sample is more than sufficient. The dark current o
FEP can be limited sufficiently by employing a low resis
ity and by reducing the amount of surface defects. Altho
the quantum efficiency decreases for a very low resi
FEP, the combination of an intermediate resistivity and
face passivation is shown applicable. The average stabil
the emission current is within the requirement as well as
light response for large currents. The light response for
cal currents used in lithography, however, is too slow
may be made within requirements with sufficient suppres
of the amount of surface defects. The two main proble
which cannot be solved, are the instability of the apert
current and the energy shift instability. This energy insta
ity results in a constant in-and-out of focus of the elec
beam. Electron beams in lithography tools must be aper
in order to limit the aberrations of the lenses, particularl
the gun lens when the angle cannot yet be reduced. An
problematic effect of an unapertured beam is that ther
current peaks consisting of about 600 electrons, which
serious problem in lithography where per emitter only a
hundred electrons are used per pixel.

VII. CONCLUSIONS

We conclude thatp-type silicon emitters are not suitab
for application in a multibeam lithography tool. The resea
presented here, however, shows interesting physics and
most points, in agreement with a presented model for
field emission fromp-type semiconductors. The model c
sists of a mechanism of current stabilization by the en
shift. Measurements show clearly the stable emission cu
but unstable energy shift.
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