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Carbon films deposited at relatively low temperatures were studied as a coating for polysilicon
substrates to provide enhancement of the electron field emission. Undoped and phosphor doped
polysilicon substrates were coated by carbon films grown by a very high frequency chemical vapor
deposition process. Critical process parameters include substrate temperature of 225 °C, pressure of
56 mTorr, loaded power of 2 W/cm2, and discharge frequency of 56 MHz. The substrates were
pretreated prior to film deposition, and bias enhanced nucleation was performed in hydrogen/C6H14

plasma. A carbon layer was grown to a thickness of 700 nm. Field emission measurements were
performed in an ultrahigh vacuum chamber equipped with an electron gun, a carousel for five
samples, and a Faraday cup. A multigrid quasispheric energy analyzer was used for Auger electron
spectroscopy and electron energy loss spectroscopy characterization. Additionally, before and after
field emission measurements, the secondary emission coefficients was measured by a scanning
electron beam, which provided a two-dimensionals map of the sample surface. The field emission
current was measured in a diode configuration using a spacer thickness of 45–55mm through a
current collection window 235 mm2. Emission current–voltage curves were measured from three
different regions of every sample by shifting the current collection window over the sample. A
surface conditioning effect was observed, resulting in stabilization and better reproducibility of the
emission current–voltage characteristics. The most significant changes in emission characteristics
were observed in undoped polysilicon substrates with carbon coatings. Low deposition temperatures
make this coating process very attractive because of its compatibility with addressing circuitry based
on either silicon or poly-, microcrystalline, or amorphous silicon. ©2000 American Vacuum
Society.@S0734-211X~00!08502-4#
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I. INTRODUCTION

Coating of the surface of silicon or of poly-, microcry
talline, or amorphous silicon by carbon films deposited
relatively low temperatures can provide effective field em
sion and it is very attractive because of its compatibility w
associated circuitry fabricated on these substrates. Impr
ment of field emission characteristics in Si tips and flat s
con samples coated with non-diamond carbon film has b
reported.1–3

Polysilicon is used for driving integrated circuits. It wou
be of interest to study the possibility of improving the em
sion properties of polysilicon by the deposition of carb
layers. Moreover, dependence of the threshold field on
doping of polysilicon layer could be expected.

In this work emission characteristics of nondoped a
n-doped polysilicon were studied. The effect of nondiamo
carbon coating on polysilicon emission properties was a
investigated.

II. EXPERIMENT

Polysilicon coated wafers were used as substrates. N
doped polysilicon substrates~denoted Si1! were doped with

a!Electronic mail: chakhovs@ece.ucdavis.edu
980 J. Vac. Sci. Technol. B 18 „2…, MarÕApr 2000 0734-211X Õ200
t
-

e-
-
en

-

e

d
d
o

n-

phosphorus at different doping levels: 4 – 631018 cm23 ~de-
noted Si2! and at 0.8– 231020 cm23 ~denoted Si3!. All sub-
strates were coated with carbon films on the same run.
carbon films were grown by very high frequency~VHF!
chemical vapor deposition~CVD!, described in Ref. 4 unde
the following conditions: substrate temperatureTs5225 °C,
pressureP556 mTorr, powerW52 W/cm2, frequency f
556 MHz, gas mixtureR157%C6H14193%H2, flow Q
527 sccm. Prior to deposition, the substrates were pretre
in hydrogen plasma and bias enhanced nucleation~BEN!
was performed. The carbon layer was 700 nm thick. The a
of all samples was approximately 1 cm2. Emission was mea-
sured in the setup schematically shown in Fig. 1~a!. An ul-
trahigh vacuum~UHV! chamber, equipped with an electro
gun and a multigrid quasispheric energy analyzer, a caro
for five samples, and a Faraday cup, was used. The multi
quasispheric energy analyzer was used for Auger elec
spectroscopy~AES! and electron energy loss spectrosco
~EELS! characterization. Before and after the measureme
the secondary emission coefficients was measured by a
scanning electron beam that provided a two-dimensio
~2D! s map of the sample surface. The configuration of t
electrodes used for the emission current measuremen
shown schematically in Fig. 1~b!. The current was measure
9800Õ18„2…Õ980Õ4Õ$17.00 ©2000 American Vacuum Society
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at a base pressure of 1029 Torr in a diode configuration with
45–55mm spacing and an anode area of 235 mm2.

III. RESULTS AND DISCUSSION

Emission current–voltage (I –V) curves were measure
up and down several times from three different regions
each sample~by shifting the current collection window ove
the sample surface!. On a few occasions, high voltage brea
down ~microarcing! was observed; after this the region w
excluded from further measurements and analysis. A sur
‘‘conditioning’’ effect ~without arcing! was observed in
some samples, and then theI –V curves became stable an
reproducible. The effect of surface conditioning and m
croarcing can be clearly seen in secondary electron emis
images~SEEIs! measured before and after emission m
surements. An example of a SEEI for nondoped polysilic
~sample Si1! without carbon film is shown in Fig. 2. As see
in Fig. 2~a! before the emission measurements the secon
electron emission coefficients varies slightly across the
sample surfaces50.95/1.05. After the emission measur
ments, which were carried out in three different regions
the sample, in some places a significant change ins occurred
@see Fig. 2~b!#. For the first part of the sample, in the begi
ning there was no emission current up to 1.5 kV. Then
croarcing occurred and a stable current–voltage charact
tic was observed. In Fig. 2~b! one can see spots in the low
and middle parts of the first region wheres has changed to

FIG. 1. Diagram of the setup for the emission measurements:~a! UHV
chamber for emission measurements and material characterization an~b!
schematic of the emission current–voltage measurements.
JVST B - Microelectronics and Nanometer Structures
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s50.85. These spots most likely correspond to areas of
croarcing and may be where the emission current came fr
For the second emission measurement region the same
ditioning procedure was observed. Spots at the upper pa
the region in the SEEI, wheres has changed tos50.8, can
be also attributed to microarcing. For the third region a sta
and reproducibleI –V characteristic was measured from th
very beginning. No microarcing or conditioning and also
change in the SEEI were observed.

Doping of polysilicon by phosphorus changed the SEE
The secondary electron emission coefficient became m
nonuniform across the sample surfaces. This effect is m
pronounced for the more doped Si3 sample. The values did
not significantly change for the middle doped Si2 sample a
it slightly increased froms50.95/1.05 to 0.95/1.15 for
sample Si3.

Carbon film coating changeds for all samples. For the
nondoped polysilicon Si1 carbon film coating the second
electron emission coefficient was lowered, froms51 to 0.3.
For the middle doped Si2 sample the value ofs was 0.5, and
for most doped Si3 sample,s50.95/1.1. For sample Si3 with
carbon films was not uniform across the surface, the sa
as for the sample without the film. Thus, the secondary e
tron emission coefficient of the carbon film coated samp
increased with an increase of the polysilicon doping lev
There may be two reasons for such phenomena. First, ca

FIG. 2. Secondary electron emission images of sample Si1~a! before and~b!
after emission measurements.
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FIG. 3. Emission current–voltage
curves for different polysilicon sub-
strates on~a! semilog and~b! Fowler–
Nordheim scales.~1! Si1, ~2! Si2, ~3!
Si3, without carbon coating;~4! Si1,
~5! Si2, ~6! Si3, with carbon coating.
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film may be porous and that is more likely for sample S
which demonstrates almost the same nonuniformity ans
value both with and without carbon film. Second, pho
phorus doping lowers the polysilicon work function. Ele
trons can easily tunneling into carbon film and then throu
the local states in band gap to the film surface.

Figure 3~a! shows I –V curves for different polysilicon
substrates coated by the same carbon film in compar
with uncoated ones. Nondoped polysilicon demonstrates
turn-on fieldEt54 V/mm emission. Doping polysilicon with
phosphorus did not significantly change the emission cha
teristics. All changes for sample Si1, Si2, and Si3 witho
carbon film were within the range of variations in differe
regions of one sample.

Carbon film coating significantly changed the emiss
characteristics of nondoped sample Si1. A turn-on field
crease fromEt54 to 1 V/mm and higher current were ob
served for the sample with the film at the same voltag
Also, this coating significantly improved the reproducibili
of the emission currents. For doped samples coated with
film, the emission properties changed slightly. There wa
turn-on voltage increase fromEt54 to 4.2 V/mm for sample
Si2 and fromEt54 to 9 V/mm for sample Si3 with the
carbon film deposition. Deterioration of the emission prop
ties of doped samples coated with the film can be explai
if we take into account the interfacial layer between the c
bon film and the surface of the polysilicon, which may blo
to some extent electron current from the polysilicon. T
layer may be a ‘‘bottleneck’’ for emission current in stru
tures with carbon films.5 If during the doping procedure
some impurities are present on the polysilicon surface, t
they may react with the film. This compound may be a li
iting factor for low turn-on voltages. The higher the dopin
level the more pronounced the effect of the intermedi
layer. On the other hand, the interfacial layer between
nondoped polysilicon and the carbon film may have form
in some other way~conditions! and may be the reason for th
J. Vac. Sci. Technol. B, Vol. 18, No. 2, Mar ÕApr 2000
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improvement of the emission characteristics of sample
with the film.

Emission current–voltage curves for the same set
samples on a Fowler–Nordheim scale are shown in Fig. 3~b!.
One can see the nonlinear behavior of the curves. It me
that Fowler–Nordheim law is not correct for all ranges of t
field studied and that the emission mechanism is more c
plicated than electron tunneling from metal through the s
face barrier to vacuum.

IV. SUMMARY AND CONCLUSIONS

In this work emission properties of nondoped and ph
phorus doped polysilicon, with and without carbon film coa
ing, have been studied. The effect of doping with phospho
on polysilicon emission characteristics and the influence
nondiamond carbon film coating prepared by VHF CVD
relatively low temperatures on the emission characteristic
nondoped andn-doped polysilicon have been observed.

The main results for polysilicon without carbon film coa
ing were as follows.

~1! Polysilicon demonstrated a low turn-on electric fie
(Et54 V/mm for I 51028 A/cm2! emission characteris
tics. Current–voltage curves for all the samples stud
can be fitted by Fowler–Nordheim law only in a hig
voltage region. This indicates that there is a more co
plex mechanism of emission.

~2! Doping with phosphorus did not significantly chang
the emission characteristics of polysilicon.

For polysilicon substrates coated with carbon film t
main results are as follows.

~1! Carbon coating on nondoped polysilicon~sample Si1!
significantly improved the emission characteristics. T
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turn-on field decreased toEt51 V/mm and the saturation
current was achieved at lower voltages.

~2! For doped samples carbon coating resulted in an
crease of the turn-on field for the samples with carb
coating. This effect is more pronounced for the sam
with a lower doping level.
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