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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-theurves 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
us, depending on experimental conditions. It was found that in the plateau df\theurve, 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 ipguced
junction inside the tip. The conclusion is thptdoped silicon field emitters are not particularly
useful for applications in electron beam lithograpiey2005 American Vacuum Society.
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[. INTRODUCTION ments for lithography are fairly stringent. For a typical sys-
tem with multiple Gaussian beams, each beam must focus a
Silicon field emitters have been considered as electrofew nanoamperes into a spot of a few tens of nanometers.
sources for many different applications: flat screen displaysThis results in strict demands both on source brightness and
vacuum microelectronic devices, electron microscopes, Mion energy spread. The current must be stable to within a few
crowave tubes, lithography apparatus, even forpercent and all beams must contain the same current to
photocathodeb.p-type silicon emitters have drawn special within a few percent. Since one pix@esign rule or critical
attention because under certain operating conditions, th@imension squargdn the written pattern contains only a few
emission current can be extremely stablén addition,  thousand electrons and the edge position must be defined to
the emission can be switched on and off by illumination withwithin a fraction of that pixel, the beam must be switched off
visible light®* We became interested in the usepsfioped  or on within the order of nanoseconds. In such a short time,
silicon emitters for multi beam electron lithography. Electronthe beam delivers only a few hundred electrons. Published
beam lithography is a relatively old subject: Electron beamexperimental results by Schrodatral ® were very promising:
pattern generators have been in use for several decades, bddhge arrays of emitters with homogeneous and stable emis-
in academic labs for writing nanostructures and in industrysion, sensitive to light with high quantum yields and, when
for writing masks and prototype electronic circuits. The usecooled, low dark current. The authors had examined their
for direct patterning of silicon is limited because of the usefulness for photocathode applications. For our application
throughput problem: Although the resolution approaches 1Qve also needed to know properties such as time-response,
nm, it takes many hours to write one full wafer, even with 50virtual source sizes, emission angles, energy spread of the
nm patterns. Yet there are new efforts to increase théeams, stability of apertured beams, stability of beam direc-
throughput as the industry moves toward 45 nm design rulegion, and cross talk between emitters. A good model of these
The move to systems with a large number of beams in par<photo field emitters” or “semiconductor field-emission cath-
allel is almost inescapable. Depending on the writing stratodes” or “field emission photo cathodésEP” would have
egy this number may vary from several hundreds to even &elped to make predictions of those properties. However,
million beams in parallel.If an array of light sensitive field although the literature on the subject started in 1g%&f. 7)
emitters could be produced with the right properties, thisand several groups have suggested motEE-we could not

would be the ideal source for such a system. The requirefind a clear, unambiguous, quantitative model. We performed

many experiments on individual emitters and small arrays of
Ipresent address: Van der Waals-Zeeman Instituut, Universiteit van Amstegmltters’ the results of which v_ve describe in th.e presgnt pa-
dam Valckenierstraat 65-67, Amsterdam, The Netherlands. per. In order to have a theoretical context for discussing the

PElectronic mail: P.Kruit@tnw.tudelft.nl experimental results, the next section will first describe our
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Fic. 2. Schematic overview of the process steps involved in magktype
- silicon emitters.

Fic. 1. Electrical circuit that models thetype Si field emitter tip.

applied extraction potential can be distinguished. In the first

regime Vigactor IS SMall such that the emission current is
presently preferred model for field emission fropitype  smaller than the diode dark current. In this regime the current
semiconductors, based both on models in the literature, egs therefore not limited by the diode but by the transparency
pecially from Arthur; Schroderet al.® and Hiranoet al. of the surface-vacuum barrier. With increasing, Vo the

and on our own observations. surface-vacuum barrier becomes more transparent and the
emission current increases. Since the transparency of the sur-
Il. EMISSION MODEL face vacuum barrier determines the emission current, all pro-

) o ) cesses that change the transparency of the surface vacuum

Field emission is lljgsually modeled using the Fowler—parier (for instance: gas atoms moving on and off the tip
Nordhelm.(F—N) theory. 'The theory gives the emission cur- ihfiuence the emission current. At a certaipVciorthe diode
rent density as a function of electric field strength on thejmits the emission current at a level equal to the diode dark
surface, the work function, and the electron density in theyrent. In this second regime the current is almost constant
material. The electric field strength on the tip depends no}ip increasing \yacor @nd is invariant to changes of the
only on the applied extraction voltage, but also on the tipyansparency of the surface-vacuum barrier. However, a
height, tip radius, and shape, through the “field enhancemerina)| change in current gives a large change of the junction
factor” (). We assume that the F-N theory is basically stillyg|tage. This regime is called the plateau region. In the third
vall_d, but for p-type semlponductors it is more complicated region VagractoriS SUCh that the potential over the diode ex-
to find the electron density and the field on the surface. Anteeds the breakdown voltage of the diode, resulting in a large
gxternal field ona semiconductor causes band bending. a%pply of electrons to the emitter tip. The current will in-
flelq penetration. At the extreme fl_el_ds necessary for field;rease rapidly until the transparency of the surface-vacuum
emission the band bending is sufficient to create-Bpe  parrier is again the current-limiting factdregion 4. The
layer at the apex. The electrons in thdype apex are also  gark current and breakdown voltage of the diode are related
necessary to have a smaller field inside the tip than outsidg, ine doping level of th@-type Si. The dark current of the
the tip. With then-type apex on the-type material, @-n  giode can also be changed by the amount of light incident on
junction is created inside the tip, with its associated depletiogne FEP, With the extraction potential set such that the emit-
layer. When a current is drawn from the tip, the junction is inte( s gperated in the plateau regime the emission current can
reverse bias, with a junction voltage that is determined by thenerefore be modulated by the amount of light incident on
current through the junction. The junction voltage reduceshe FEP; j.e., modulating the diode dark current. The capaci-
the figld at the apex, not just because the extraction voltgge nce in Fig. 1 is a combination of the junction capacitance
effectively lower, but much more because of a lower field-ang the capacitance between the apex and the extractor elec-
enhancement factor. This can be understood by realizing th@tyge. It results in a small delay in the feedback loop and

the enhancement is totally gone when the voltage over the tigmits the light response time. Since the capacitance is small,
is equal to the average cathode-anode field times the heightcgn only be detected for small currents.

of the tip. The model is summarized by the electric circuit of
Fig. 1. The circuit consists of a current source at the tip of
the emitter, in series with p-n junction or diode in reverse lll. FABRICATION

bias with a capacitance in parallel. Between the field emis- The p-type silicon field emitter array samples are fabri-
sion photo cathodé~EP and the extractofdrawn here as an cated at the clean-room facility DIMES of Delft University
extractor apertupe an extraction potential is applied of Technology. The fabrication is done in a series of steps,
(Vextracto- With this model four different regimes for the see Fig. 2. A single side polishét)) p-type Si wafer with the
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Fic. 3. Typical p-type silicon single emitter fabricated at DIMES with in Fic. 4. Large array of about 4000 emitters fabricated at DIMES.
inset a zoom-in image of the emitter tip.

aperture at a distance of 10 mm, a plate with a 5 mm hole at
desired resistivity is used. A layer of ,8i, of 100 nm or 0V is positioned with a metal cylinder for electrical shield-
more is deposited on both sides by low pressure chemicahg of the electron beam from the contacting wires. The
vapor deposition(2). Next the backside is spin coated with sample is thermally connected to an ethanol-cooling unit that
resist and exposed with near ultra viol&tUV) (3) and(4).  can control the temperature of the sample between room
After developing the backside, the pattern in resist is transtemperature ang-90 °C (setup 2 and—20 °C(setup 2. The
ferred into the nitride laye(5). Then the wafer is etched with emission current can be measured directly with a current
KOH until a membrane of about 40m is left(6). The mem-  meter connected to the YAG screen and indirectly by means
brane is essential to enable backside illumination of thefa photomultiplierpm) that detects the light from the YAG
sample. It must be sufficiently thin for either the light or the screen. Setup 2 has the possibility of inserting a retarding
photoelectrons to reach the depletion layer in the tip. For theyrid in the electron beam consisting of three parallel grids at
fabrication of the emitters the desired array of circles isa distance of about 2 mm apart, with grid sizes of/66;
printed in resist7) with NUV (8). Again this pattern is trans- 30 um and 1 mm, respectively. The grid is used for measur-
ferred into the nitride layer using a CHIFO, plasma(9).  ing the energy of the emitted electrons. Setup 3 has two
After the pattern transfer, a short HF dip is performed tomicroscope objectives inside the vacuum chamber. These ob-
remove the thin oxide layer present on the bare siliconjectives are used to focus the laser on the FEP with a spot
Thereafter the wafer is etched isotropic with HNA-ettt-
+ nitric acid + acetic acid to create an array of emitters in
Si (10). After the tips are formed the wafer is thoroughly

cleaned in a solution of 5 parts,8, 2 parts HO,, and 1 part Setup 1 Setup 2

NH,. The tip radii of the emitters is reduced by thermal Sample holder + Sample holder +
oxidation and HF dipping for oxide removal until the emit- cooling cooling

ters on the membrane have tip radii of 10-20 (id. Figure e e

e
IV. EXPERIMENTAL SETUPS
%
All experimental setups consist of a vacuum chamber Setup 3

3 shows a typical image of an emitter after fabrication and - e

oxidation. In Fig. 4 the largest array fabricated is shown, this

array consists of 4000 emitters. @ A apertu =
= \

with an operating pressure of 7610 mbar. The samples Sample holder- shielding
are mounted in a custom made polished sample holder that i X Y stage Retarding

connected to a voltage source that can change the voltag ——— grid analyzer

from —10 to 0 kV. In Fig. 5 a schematic overview of the g

three setups used is given. At a distance of about 0.6 mn| l——28—— Ll Tae T

from the sample either a YAG screé¢setup 1 and Bor an i
extraction aperture of about 5@®n (setup 2 is placed. The ? ....... :
YAG screen or the aperture are both mounted in a polishecjvary sample — YAG distance
holder and connected to a voltage source that can change th ™™ Cyrrent meters are optional

potential from 0 to+10 kV. In setup 3 the YAG-sample

distance can be changed. In setup 2 behind the extractiams. 5. Schematic overview of the three setups used for the measurements.

gA
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Fic. 7. Dark current-V characteristics of a highlg-doped single emitter at
room temperature.

potential and measuring the emission current. In Fig. 7 a
typical set ofl-V measurements is shown. The measurement
is performed on a 0.01) cm sample at room temperature
with no light incident on the FERdark current The unique
feature of these measurements is that the different curves are
measured right after each other, as fast as possible, trying to
keep the apex condition of the tip unchanged during the mea-
size of about Gum. The second objective is for detecting the surement of a full curve. Each curve takes about 20 s, which
e-beam spots on the YAG screen. The FEP sample holder cd$ determined by the time needed to stabilize the extraction
be moved with a piezostage with an accuracy of better thapotential. Figure 7 now clearly shows the origin of the sta-
10 nm. The whole experiment is immersed in a magnetidility of the current in the plateau region. The instability of
field of up to 0.5 T that can focus the beam from the emittetthe current in region 1 and éee discussion of emission

to the YAG screen. For illumination of the emitters a 658 nm,mode) is clearly visible: For a given extraction potential, the
25 mW laser diode is used that illuminates the emitters froncurrent may fluctuate over more than an order of magnitude.
the backside of the sample. The switching time of this diodeChanges in work function or shape of the apex due to re-
is 50 ns. For the ultra fast light response measurements a fagidual gas atoms are manifested as shifts inlthecurves

Fic. 6. Typical CCD image of the emission current from &4 array on a
YAG screen

658 nm, a 10 ns diode laser is used. with respect to the extractor potential. Only in the plateau
region, the emission current is determined by the amount of
V. EXPERIMENTAL RESULTS electrons generated in the depletion region of the emitter

Most experiments are performed on samples with a singl%ﬁ'Ode dark current The diode dark current is dependent on
e temperature. In Fig. 8 dark currdAY measurements on

emitter tip. Only for statistical information on the yield of the :
emitters a few measurements were made on multiple emitt&% 2002 cm sample for different temperatures are shown. The

samples. From these measurements it is clear that the yield é%evfjst 1C\l;vrk\1/iir:r}chl:%.lcilzastetgirglrjr:r;net ?e?lasistlij\/ri(ta;qc?fn:h“empl)thgf
over 50% without optimizing the fabrication method. In . . -
° b 9 tomultiplier for the light from the YAG screen and corrected

Fig. 6 the typical emission pattern on a YAG screen from :
4% 4 emitter array in setup 1 is shown. The picture is takef;for the energy of the electrons. The figure shows clearly that

with a charge-coupled devid€€CD) camera. In this figure

one can see that about 70% of the emitters are working. 10

20C - AT
A. |-V characteristics < :4218 8 NS ’
£ 1F60C---a--- * 1
Several authors have published emission current- 5 -80C ---m--. ]
extraction voltagél-V) measurements on arraystype Si g alﬁn(li T xR YOO
emitters, often presented in the form of Fowler—Nordheim 2 0-1¢ N ;*;xx mm R EEARE
plots. In particular, the work of Thomas, and Schroeleal. 9 ‘ﬁ_;;:;; sogmassssaEe]
Thomaset al,'* and Thomas and Nathangdmathansor, £ 001} Rl TP TPy Y ¢ Eaa s
demonstrates clearly, as a function of temperature and light W e S
intensity, the occurrance of a plateau region, where the emis- 0.001 L— L L . L L
sion current is independent of extraction voltage. No mea- 2 4 6 8 10 12 14

. L OF € o VO E fal (kV
surements on microscopic individual silicon tips have been xtractor potential (kV)

perfqrmed to dat?- OLJ.I’-V measurements on single emitters r g park currentl-v characteristics of a 20" cm single emitter at
consist of changing either the sample or the aperture/YAGiifferent temperatures.
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Fic. 9. Emission current at 14 k\485 °C for different light powers inci-

Fic. 11. Dark current-V characteristics at room temperature of different
dent on the FEP.

samples with and without a \Nannealing step.

with a change in temperature from 20 °C+®5 °C a change doping levels. For high doping leveltow resistivity), the

in emission current of three decadd® pA-10 nAat 14 kY  depletion region is smaller and therefore the internal diode
is realized. The different plateaus in the plot are parallelbreakdown field is reached sooner and the dark current is
which indicates that the dark current of the diode is indeedsmaller. This is best visible in the lowest plot in Fig. 10,
the limiting factor and that the surface vacuum barrier is notwhere a small plateau is visible. The size of the other pla-
of any influence on thé-V characteristic in this region. The teaus is unknown since it is outside the scope of the setup
amount of electrons generated in the depletion region at &0 kV max for setup 1 and 20 kV max for setups 2 and 3
certain temperature can also be changed by exciting electromit it is clearly larger which is expected from the doping
with light. In Fig. 9 the emission current change with thelevel. Figure 10 shows the increase in dark current with de-
change of the amount of light power incident on the FEP atreasing doping levelarger resistivity. The dark current is
—85°C and 14 kV is shown. The data is extracted fioki  partly generated at surface staté§;this effect is well
characteristics at the different light intensities. At low light known for p-n junctions in metal-oxide-semiconductor de-
intensities(< 3 mW) the current increases linearly with the vices. The surface states exist mainly on the Si,$i®erface
light power. For larger light intensities the current starts towhere there is a structural mismatch between the S lattice
saturate. Since only electron hole pairs generated within thand the slightly larger SiQlattice. The amount of surface
depletion region are separated resulting in an emission custates can be reduced by passivation of the Si;SiO
rent, the width of the depletion region, which is influencedinterface'”*® There are many different methods to passivate
by the doping concentration, determines the dark current. Ithis interface. In Fig. 11 the result of,® passivation on the
Fig. 10 dark current-V characteristics of samples with dif- dark current at room temperature is shown. For this plot, two
ferent doping levels at room temperature are shownlAl  samples are shown which have been measured both before
characteristics in Fig. 10 show a plateau starting at about &nd after passivation.

kV. This is determined by the physical shapes of the emitters,

which are similar since the fabrication method is the samé. Current stability

for all emitters(similar 8 and thus similar field at the emitter

. . . Although current fronp-type Si emitters is often reported
:'ﬁ)' The efnt?] ar&d t?etih(slgrlhtioLth(:lc?lt?]teauharﬁ de;ﬁ:rg:?fgsegﬁﬁ be “stable” in the plateau region, quantitative stability
€ size ot the depletion region a us change Mmeasurements on individual tips are rade. Fig. 12, a full
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Fic. 10. Dark current-V characteristics of samples with different doping Fic. 12. Current stability at plateau region with 30 mW, 658 nm laser illu-

levels at room temperature.
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Fic. 13. Current stability 'not on the plateau, the current fluctuates ovelrig, 15. Current stability at plateau region withdtmp) and with (bottom)
about two orders of magnitude. an aperturd1% of total arep The stability is 3% and 50% respectively.

laser current stability measurement at room temperature i, Fig. 14 we show angular current density patterns from the
shown over a time period of 10 min. The stability is bettersame tip at different times. It is clear that the patterns
than 1% 3r, which is extremely stable in contrast to the change, while the total emission current is stable. The lack of
stability of the emission current in region 1 as shown in Fig.detail in the plots indicates that the tips are very sharp. Oc-
13. The current in this region is determined by the surfaceasionally, we see the typical structures that are also seen
vacuum barrier and therefore changes with every atom movirom carbon nanotubés, with two or four lobes that are

ing on and off the emitter tip. One atom change, for instanceinterpreted as fully coherent emission through double or qua-
moving on the tip, changes the work function dramatically;druple emission sites. In Fig. 15 two current stability mea-
the surface vacuum barrier becomes more transparent and teerements are shown at room temperature with light incident
emission current increases. The current in Fig. 13 shows thign the FEP. The top plot is of the current stability of the total
behavior clearly; here the emission current changes almogmission current; the bottom plot shows the current during
two orders of magnitude during the stability measurement. Inhe same period measured through a fixed aperture of about
Fig. 12 the total emission current is very stable but still re-1% of the total emission spot on the YAG screen. The bottom
sidual gas atoms do move on and off the emitter tip, changplot is clearly less stable than the top plot. This shows that
ing work function and shape. The reason that the total emisthe residual gas atoms result in an angular current density
sion current does not change, according to our model, is thathange, which results in an unstable emission current in a
the field at the apex is adjusted by the intrinsic feedbaclsmall fixed area of the total emission area on the YAG
mechanism. However, this feedback mechanism does nacreen. The stability is 3% and 50% 3or the top and bot-
guarantee that the emission will also be in the same directiotom plot, respectively. The current stability plots described

Fic. 14. CCD images of an emission
pattern of a single emitter at different
times.
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FiG. 16. Current peak during dark current stability measurement. The surFic. 17. Energy shift change with changing extractor potential at room
face below the peak amounts to about 600 electrons. temperature.

above are long-terntup to 10 min stability measurements. €xtraction potential and illumination level. No measurements
In Fig. 16 a short-term dark current stability in the plateauon the potential drop or energy shift are known on emitters
region is shown. The current is quite stable but regularly f micrometer size.

peak in the current is observed. The peak can only be made The energy shift during a standafeV measurement is
visible at very low emission currents. The data in the figure'ecorded in our experiments by measuring the energy spread
is recorded at-20 °C. The number of electrons associatedat each point of the-V curve. The difference between the
with this peak is about 600. This is the reason why the peakenter of the energy spread and the sample potential is the
can only be observed at small currents; otherwise the mednergy shift. In Fig. 17, a typical shift measurement at room
surement system cannot distinguish it from the noise. A largéemperature is shown. The energy of the emitted electrons
portion of the variation measured in the background in Figclearly changes with the applied field. In regior(<16 kV)

16 is poison noise. We interpret this measurement as thée shiftis constant, changing into a shift that is almost linear
proof of a feedback mechanism: It takes a certain charge andith the change in extraction field. The inset in Fig. 17

thus time for the reverse diode in the t|p to adjust its V0|tag§hOWS thd -V characteristic of this tlp while illuminated with
drop and adjust the field at the apex. light. It is interesting to see that the plateau region starts at

about 6 kV: the same point at which the energy shift starts to

increase. Our interpretation is that at this point the diode

starts to limit the current. The shift measurements in Fig. 17
Measurements of the energy of the emitted electrons oare time averaged. In Fig. 18, the shifor a different tip

large singlep-Si emitter tips on the end of a wite®2%2  than of Fig. 17 is plotted as a function of emission current.

show large potential drops over the emitter: up to 2 kV at ariThe individual measurement points, from a retarding field

extraction potential of 6 kV. The potential drop depended orenergy scan, were made as fast as possible, because the en-

C. Energy shift
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Fic. 20. Light response of the FEP at room temperature before and after at

Fic. 19. Light response of the FEP on different light intensities at room constant light intensity with scaled emission current.

temperature.

. the FEP to ensure an easy alignment of the laser on the FEP.
Fig. 18 give the variation in total emission current for eacr:]n order to measure the light sensitive area, the spot size of
9. g the laser is about &um. The FEP is scanned with a stage

bme]i:_llslu(rjebment point. Par'i oftthe emltssmtlj curthnt aX|ts) coul erpendicular to the laser beam and simultaneously the emis-
€ filec by measurements at one extraction voltage, becausg, , ., irent js detected. The measurements are performed at

the shift jumped over a range of ty_pu;ally 1010 25 V. In the different light intensities and at room temperature with both
dark current measurement, the shift jumps are large, but thg 2000 and 88) cm FEP. In Fig. 21 the light sensitive area
current jumps are small. With light illumination, the energy ) X

of the two samples is shown. All data is normalized for com-

Jur:np)(strar?i ant\)/'t Ifma”?[;l’ bukt]i;thg Cl:rrent Jurlnsvsl I?\;ﬁ]ﬁ ri'nGr'Veg;arison and the top three data sets are shifted for clarity.
an extraction vottage, the s ecreases slowly Creastrom Fig. 21 it is clear that increasing the light power has an

ing_ light intensity. The shift offset of about 10 V s UNEX" effect on the light sensitive area. For the 200@m sample
plalne_:d, b.Ut th_e rest Of the curves show the typical behaV|0{he full width at half maximum changes with light power
of a light illuminated diode. from 75 to 51um for 66 and 0.66uW laser incident on the
FEP. The 850 cm sample clearly has a smaller detection
D. Light response area which is about 1Zm with 22 uW laser light incident

There is not much known about the transient response gn the FEP. For larger light intensities and smaller resistivity
the emission of a photo field emitter to a light pulse. There i 1gnerp doped the light sensitive area decreases. The di-

some work done on the response on a light pulse of a fiel&meter, Of_ the base of the em|_tter is about,a@. ',n Fig. 9 i
emission arrafl, where typical response times varied from the emission current change with respect to the light power is

the millisecond range to the submicrosecond range depené-hown' Since the light spot of the laser used for this mea-

ing on extraction potential, illumination level, temperature,surement was larger than the detection area of the emitter it

and thickness of the sample is not possible to calculate the quantum efficiency of the FEP
The switching speed of one of our tips is shown in Fig.

from this figure. In Fig. 22 the quantum efficiency of a 2000

19. The light intensity decreases with the maximum emissiorf? cM FEP at room temperature is shown. The laser light
current of the different plots. The measurements are pei/S€d was focused to a spot ofuin and scanned over the
formed at room temperature. A0 us the laser is switched backside of the FEP; the maximum current of the scan is
on and at=70 us it is switched off again. Figure 19 clearly

shows that the switch-on speed of the FEP changes with the 14
maximum emission current; large current results in fast
switching. The switch-off time is almost constant. The fastest
switch on and off time measured is 34 and 130 ns, respec-
tively. Figure 11 shows the impact of passivation on the dark
current of the FEP. In Fig. 20 the result of H2 passivation on
light response is shown. At0 us the laser is turned on and
att=5 us itis turned off again. The amount of light incident
on the FEP and the extraction potential is kept constant in [ %"/ \'
both measurements but the emission current changed a lot [ . . :
after passivation; for clarity, the emission current is scaled to -100 -50 0 50
compare the two light response curves. We interpret this as a position (um)
change in the diode capacitance through the passivation ?—TG 21. Light sensitive area for two different FEP samples. Top plot is
surface defects. The measurements performed above Useg@oq’ cm at 66, 0.66, and@W laser power respectively and bottom plot
relatively large laser spot of about 1 mm on the backside ofs a 850" cm at 22, W.
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Fic. 22. Quantum efficiency of a 2000° cm FEP. The inset shows the Fig. 24. Dark current-V characteristics with onset of a FEP where the first
quantum efficiency of a 85" cm FEP, both at room temperature. I-V curve has larger emission current in the plateau region which decreases
until it is constant.

used for the calculation of the quantum efficiency. All losses

for glass, filters, and mirrors are taken into account for thé=ig. 24 where the emission current in the plateau region in
calculation of the quantum efficiency. In Fig. 22 it is clear the firstl-V curve is very large and decreases until it is con-
that the quantum efficiency drops dramatically from aboutstant. This decreasing of the current is clearly an emission
200% to less than 20% with increasing light intensity. This iscurrent induced phenomenon, since stopping the measure-
consistent with the data shown in Fig. 9 where the emissiofinent after oné-V curve and starting again later on results in
current remains constant with increasing light power abovédhe same plot as shown here where ithémeasurements are

15 mW. The inset of Fig. 22 shows the measurements of theecorded right after each other. It was investigated if the
guantum efficiency of a 86) cm Samp|e_ Here the guantum onset is a surface induced effect by oxidizing and HF dlpplng
efficiency is constantwithin a few percentover about the the FEP several times between measurements. The onset ef-
same intensity range, which is also consistent with the datfect did return but no correlation between the amount of
shown in Fig. 9. The quantum efficiency for high resistivity 0xide growth and removal steps was found. We do not un-
samples is clearly larger than that of low resistivity samplesderstand the onset phenomena.

E. Onset VI. DISCUSSION

Usually the measurements on the FEP showed curious 'N€ data shown here is generally consistent with the
behavior at the first few-V characteristics after fabrication, MOdel given in section Il. The shape of and changes in the
The firstl-V characteristic differs considerably from they -V characteristics are well explained within this model, but
characteristics measured later on. This onset effect is showh Must be noted that they can also be explained in other
in Figs. 23 and 24 showing two different kind of onset pe-Mmodels. The emission current in the plateau region depends
havior encountered. Both plots show dark curre char- " the concentration of free electrons in the depletion region,
acteristics at room temperature of new FEP samples ankfSt s the dark current in a diode, which can be changed
without any treatment except for inserting in vacuum before/ith témperature, intensity of light incident on the FEP and
starting thel-V measurement. In Fig. 23 it is shown that the doplng level(Figs. 8-10. The shape of the emitter tip has a
FEP does not yet work until past the field necessary in supi@rge influence on the extraction voltage needed for emis-

sequent measurements. The second type of onset is shownSiPM: Put this is generally true for field emitteie different
I-V curves Figs. 7, 8, 10, and LIThe stability of the emis-

sion current in regions 1, 3, and 4 is limited by the transpar-

1000 pPr—T——T—T——T—— ency of the surface vacuum barrier and therefore instable
— 100l %k;;;g;}x;z::s;;;-; ] since residual gas atoms change the work function and shape
g S : constantly(Figs. 7 and 1B This effect is still visible in the
€ 10} a7 : . instability of the angular current density in the plateau region
= .1 9”:‘;‘.' : ] (Fig. 15. Figure 11 clearly shows that the emission current is
c pe oy 7 also related to the amount of surface defects. The largest
% DANE S hoo 1 component of the two mechanisms determines the height of
E 0ot b ;fT :'-“ o ] the dark current plateau. Thg fact that passivation also has an
: & | ERTREE effect on the light responggig. 11) shows that parts of the
0001 L4 e 0y surface defects are located inside the depletion region. The
2 3 4

Ef § 7 t8 t_9l L(\)/ 111213 current measured here is very stabiéthin 1% 3o, see Fig.
xtractor potential (kV) 12). However, we have shown in Fig. 16 that there are cur-

Fic. 23. Dark current-V characteristics with onset of FEBpen triangles €Nt bursts, which we aSSOCia.te. with changes at the tip apex.
where emission current starts much later than in subseduémurves. We could only make them visible at extremely small cur-
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rents, where the current increases instantaneously and deecurrence of short current bursts, the energy shift behavior
creases in about 500 ns to its original value, but we assumis the foundation of our conviction that the model of Sec. Il
that they are also present at higher currents, where the pealsa good model fop-type semiconductor emitters.

will be higher and shorter. It is found that the amount of

electrons associated with this peak is typically about 600A. Consequences for applications in lithography

The current peak is the result of the small capacitance of the 116 aim of the research qmtype silicon cold field emit-

emitter tip. Due to this capacitandsee Fig. 1the current o5 \yas the application in a lithography tool. In this section
t?‘kes time to_res_tore_lts qngma! .valu_e. The finite responsgyq consequences of our results for the application in lithog-
time after switching light intensitiesFig. 19 can also be  aphy will be described. The emission current at illumination
assigned to the emitter tip capacitance. For large currents thg the sample is more than sufficient. The dark current of the
charging of the capacitance takes less time than for smatgp can be limited sufficiently by employing a low resistiv-
currents. Both in the largest current curve and the passivatqg, and by reducing the amount of surface defects. Although
curve in Fig. 20 a small overshoot is visible. This might bethe quantum efficiency decreases for a very low resistive
explained by a change in the size of the inversion layer whergp, the combination of an intermediate resistivity and sur-
changing the intensity of the light incident on the FEP. Withface passivation is shown applicable. The average stability of
that, the capacitance also changes. This change results inti@e emission current is within the requirement as well as the
short excess of electrons which is however only temporaryight response for large currents. The light response for typi-
so what results is a slow decay in current towards a newal currents used in lithography, however, is too slow but
equilibrium situation. This is also clear from Fig. 20 where may be made within requirements with sufficient suppression
the capacitance is changed through the passivation of surfagg the amount of surface defects. The two main problems,
defects. The overall capacitance has become smaller and tighich cannot be solved, are the instability of the apertured
change in capacitance by the light is now better visible in thecurrent and the energy shift instability. This energy instabil-
overshoot in current. In Fig. 9 saturation of the emissionity results in a constant in-and-out of focus of the electron
current with increasing light intensity incident on the FEP isbeam. Electron beams in lithography tools must be apertured
visible. This saturation is probably due to Auger in order to limit the aberrations of the lenses, particularly of
recombinatiorf”> The excess carrier density becomes largetthe gun lens when the angle cannot yet be reduced. Another
at higher light intensities, increasing the probability of anproblematic effect of an unapertured beam is that there are
electron hole recombination, which results in the flatteningcurrent peaks consisting of about 600 electrons, which is a
of the curve. The current saturation at larger currents canngterious problem in lithography where per emitter only a few
be due to the fact that the surface vacuum barrier becomdwindred electrons are used per pixel.

the current limiting factor, because at 14 kV the data is ex-

tracted from the middle of the plateau region. The effect ofVlIl. CONCLUSIONS

Auger saturation is also visible in the plot of the quantum e conclude thap-type silicon emitters are not suitable
efficiency versus the light intensit§Fig. 22. The quantum for application in a multibeam lithography tool. The research
efficiency drops clearly with increasing light intensity. The presented here, however, shows interesting physics and is, on
quantum efficiency measurements show that the quantum efost points, in agreement with a presented model for cold
ficiency of p-type silicon can be over 100%. This is largely field emission fromp-type semiconductors. The model con-
dependent on the resistivity where the lower resistivity heresists of a mechanism of current stabilization by the energy
shows only a quantum efficiency of 10%ig. 22. For a  shift. Measurements show clearly the stable emission current
smaller depletion regiorismaller resistivity, the quantum  but unstable energy shift.

efficiency is smaller because the generated electron-hole
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