Field emission from as-grown and surface modified BN and CN thin films

N. Badi, A. Tempez, D. Starikov, and A. Bensaoula®
Nitride Materials and Devices Laboratory, SVEC, The University of Houston, Houston, Texas 77204-5507

V. P. Ageev, A. Karabutov, M. V. Ugarov, V. Frolov, and E. Loubnin
Natural Sciences Center of General Physics Institute, Moscow, Russia 117942

K. Waters and A. Shultz
lonwerks, 2472 Bolsover, Suite 255, Houston, Texas 77005

(Received 2 November 1998; accepted 15 March 1999

We have investigated the electron field emission characteristics of BN and CN on highly conductive
silicon thin films deposited by End-Hall ion source and electron cyclotron resonance plasma
source-assisted physical vapor deposition. The thermal processing and surface laser modification
effects on the field emission properties were investigated. Current density-field emission
characteristics, (E) were tested in a high vacuum environment. Mg-doped BN thin films on silicon
exhibited a turn-on field as low as 25 Mh and a current density higher than 1 AfcriThe
deposition of a thin BN layer on copper lithiu(@uLi) metallic substrate yields surfaces with a 75
V/um onset field and a current density 1000 times higher than that obtained from uncoated surfaces.
Under high vacuum laser annealing BN coated CuLi showed no enhancement but more stable
emission characteristics. Our results show also that pulsed ultraviolet laser irradiation of CN films
in vacuum results in an increase of the field emission current densities and a reduction in threshold
field values. The turn-on fields of the irradiated surfaces depend strongly upon the energy density of
the laser beam. In addition, the electroconductivity properties of BN and CN surface mapping have
been performed using scanning tunneling field emission microscopy. The surface topography
mapping and its correlation to the field emission properties were investigated. Preliminary results on
surface mapping suggest that the surface relief plays some role in field emission enhancement.
© 1999 American Vacuum Sociefs0734-210(199)14704-3

[. INTRODUCTION ported in 1958 The presence of NEA was determined by
In vacuum microelectronics and field emission disp|aysultraviolet photoemission spectroscopy. The electron emis-

applications it is very important to employ systems havingSion from carbon-doped boron nitride was reported by

10 ¢
high emission currents at sufficiently low applied voItages.PryorQ in 1996.

One approach is to cover the cathodes with a thin layer of N this article, electron field emission from BN and CN
material(i.e., diamondl of low work function(about 4.5 eV coatings is investigated. The conductivity properties of BN

so that field emission is obtained at low applied voltage. and CN surfaces have been performedlij_s;?g.scanmpg tun-
In spite of their very promising prospet the diamond-  Ne€ling field emission microscopTFEM."Field emis-

based field emitters are still suffering from problems such a$io" eénhancement, stability of the thin film surface, and sur-

high growth temperature and poor uniformity. The hydroge-face modlflcatlon under high vacuum thermal and laser

nation and oxidation of diamond films in energetically @nealing are reported.

active/corrosive gaseous environments prohibits their appli-

cation as cold cathode materials for low vacuum ion and!- EXPERIMENTS

electron sources. This requirement is also an obstacle to re- Prior to deposition, high conductivity silicarl00n type)

alizing the potential efficiency of diamond-based cold cath-and CuLi substrates were degreased using standard solvents,

odes and sensors. rinsed in de-ionizedDI) water and dried with nitrogen. The
Diamond-like amorphous carbofDLC) films require  substrates were cleanedsitu under argon bombardment for

higher voltage to initiate the emission and their emissionl0 min.

current densities are lower than those from diamond emitters. BN and CN thin films(25—300 nm thicknegsvere grown

As an alternative material for field emission effect devicesjn a high vacuum reactor equipped with an Auger spectrom-

BN is chemically and thermally stable and exhibits a negaeter. High purity boron and carbon were evaporated by elec-

tive electron affinity(NEA) effect that is recognized as a tron beams and controlled at 0.2 A/s by a quartz crystal

major factor responsible for its electron field emission prop-monitor rate. Both an End-Hall ion sour€glark Il) and an

erties. However, NEA is also inherent to other wide bandelectron cyclotron resonand&CR) ASTEX plasma source

gap materials such as L9fand Cak.” The first observation were used for nitrogen species delivery. The ion beam

of a NEA in boron nitride crystals and thin films was re- energy/current in the End-Hall ion source were fixed at 45

eV/110 mA. The N flow through the ECR source varied
dElectronic mail: Bens@space.svec.uh.edu from 2 to 5 sccm and the power of the ECR was maintained

1191  J. Vac. Sci. Technol. A 17 (4), Jul/Aug 1999 0734-2101/99/17 (4)/1191/5/$15.00 ©1999 American Vacuum Society 1191



1192 Badi et al.: Field emission from as-grown and surface modified BN and CN 1192

at 75 W. The growth temperatures ranged from 400 tovided only if the applied voltagd,, prevails over the voltage
600 °C for BN/Si and~80 °C for BN on CuLi and CN/Si dropU¢=1,/G, during scanning;Up|>U min=10/Gmin (Gmin
film deposition. The pressure during deposition was®10 is the minimum value of local electroconductivi§s). In
Torr using the End-Hall ion source and 10Torr for the  the “forbidden” voltage range the curremt through some
ECR plasma sourcen situ Auger electron spectroscopy points of the scanned area is too small to hold the constant
(AES) measurements were performed to check the cleanlivalue of I, even when the probe is in contact with the
ness of the substrates prior to deposition and to determine trgample. Hence, as a preliminary step, a series of scans with
postgrowth surface composition. decreasing value dU,| is made until a “spectrum” mode
Field emission characteristics were studied in a highsignal for a certain low conducting region on the scanned
vacuum chamber with a pressure below 10Torr. Four area is saturated at an extreme high level. It means that the
tungsten tip probeg@nodeswith 20 um curvature radii were Probe is nearly in contact with this region. Owing to this
place at a distance of 10—1Q8n from the sample surface Procedure the correct measuring conditiofidy|> Uy,
(cathode. A high dc voltage of up to 8 kV was applied =!0/Gmin/Gmin (Gmin is the minimum value of local electro-
between the sample and each probe separately to induce figt@nductivity Gs for the scanned argare determined. The
emission. The measurement procedure included recording §flues ofUn, at positive and negative polarities depend on
the emission current during the automated increasingthe physical properties of the material, particular on its sur-
decreasing cycles of the electrical field. The emission currerf@c€ conductivity and electron band structure. At the end of
density was calculated by dividing the measured current b€ measurements, the following maps of an area can be

the total surface area of the four tips used. produced:
The correlation between the surface relief, electron fieldg) A map based on the “relief” mode measured at low
emission and surface electroconductivity of the BN and CN bias Vo|tages_ This map gives an information about sur-

surfaces have been performed using STFEM. This mapping  face topology.

technique is based on the registration of the electron currenib) A map based on “relief” mode measured at high nega-
I+ through the vacuum gagh between a sample surface and tive bias voltages. Such a map contains a general infor-
a probe at a stable applied voltage. The total spatial resolu-  mation about surface topology and electron emission.
tion of this technique was as high as a few nm. There are twgc) “Spectrum” maps, at low negative and positive bias
main registration modes in STFEM. In the first mode the voltages, give information about surface potential dis-
currentl, is maintained constant at the valuelgfby auto- tribution (surface electroconductivity

matic change of probe position normally to the sample sur-
face, i.e., in theZ direction (“relief” mode). In this case the
signal is the voltage on th&-axis manipulator electrode,
which is proportional to the normal shift of the probe. The

Two “relief” maps, at low and at high negative voltages,

may be point-by-point subtracted from each other to obtain
the distribution of the electron emission component. The re-
sulting map shows the positions of emission centers so that

relflef m?df hm_a?]rtutudde 'S defme(; bB:j fwo (cj:_omponi:lts: higher magnitude peaks in such “emission” maps are asso-
surtace refiet height and vacuum gdp, depending on e - iaieq with more intense emission centers.

Er?bsb'“.ty o{:elef[:rt]ron tunnzlmg through”thée furfacte po”ten— The comparison of “relief,” “emission” and ‘“surface
ial barrier. For the second modgo called “spectrum Eotential” maps allows one to study the correlation between

modg the probe vibrates normally to the sample surface wit eometrical, field electron emission and the conduction prop-
a low amplitude at a frequency up to 100 kHz. The ac curren ties of the sample surface
component value is proportional to the effective surface elec- In the surface modification experiments, a pulsed excimer
tron potentiaf® The term “surface electron potential” is KIF laser (248 nm,hv=5.0 e\) was used as a radiation
used instead of “electron work function.” The reason is thatg, rce. The pulse ;anergy was increased to up to 100 mJ; the
the electron work function alone does not determine the, ise guration was 20 ns with a pulse repetition rate up to
value of the potential barrier for electron emission from low 10900 Hz. Irradiation was performed in a high vacuum cham-
doped (high resistivity semiconductor materials. There is per with a base pressure of 1 Torr. The film surface was
also, for example, the surface concentration of impurity CéNne|d at room temperature. A two-lens optical projection
ters which plays an important role. In a highly conductingscheme with an intermediate diaphragm was applied to pro-
material the surface potential is practically identical to theyige a uniform surface illumination of a spot area -of.
work function. ~ mn? Itwas necessary to make x4 matrix of laser spots to
The following procedure was used to study the emissiorprovide an area sufficient for field emission measurements.
centers in our materials. Both “relief” and “spectrum” The intensity of the laser radiation was chosen below the

modes can be acquired simultaneously in a single scan. Thgyjue that led to visible alteration of the thin film surface.
scanning area is divided X N (64x64 or 128<128 in our

case points. At each point the signals are measured at dif{]]. RESULTS
ferent bias voltaged, (negative for sample-to-probe current
direction, and positive for the revepsexcept for the “for-
bidden” voltage range &|U,|<U,y,. It must be empha- Figure 1 shows the field emission characteristics from un-
sized that a correct STFEM measuring environment is prodoped 250 A BN film(BN58) grown at 520 °C using an ECR

A. Boron nitride on silicon films
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Fic. 1. Field emission characteristics obtained from undoped 250 A BN filmFic. 2. Field emission characteristics obtained from Mg-doped BN sample

(BN58) grown at 520 °C using an ECR plasma sourceé a@ sccm nitrogen  (BN34) grown at 450 °C using an End-Hall ion sour@s eV, 110 mA.
flow.

clusions 10-50 nm in size. The local electrical conductivity

plasma source unda 4 sccm nitrogen flow. There is a sig- values of the high resistivity areas are (_e\_/aluated to be lower
nificant difference inl ,(E) behavior between the first and thanG<0.03 nS. Under the same conditions, Iar_ger fea_tures
the subsequent cycldsnly first and third cycles are shown ©Of 100-200 nm were observed for samples with a higher
here. The first cycle exhibits a nonzero current before anltrogen_ _concentratlon and having similar local electrical
well-distinguished electrical breakdown of the films takestonductivity values.
place, resulting in an uncontrollable jump of the emission
current by a few orders of magnitude. The subsequent redu@, Boron nitride on CuLi
tion of the electrical field within a frame of the same cycle is ) i . L
accompanied by the decrease of the electrical current. The F19uré 3 shows field emission characteristics from BN
electrical field values on the film surface at the breakdowrfCted and uncoated CuLi substrates. The boron nitride thin
thresholds are on the order of 100 M which to some fIim coatings were deposited by EGRS W; N,=4 sccm) at
extent depend on film structure and film thickness. near room temperature. Using BN coatings results in an en-

For the next cycles, thie, (E) curves exhibited a tendency hancemgnt of the field emission current dens.|ty. by 3 orders
to a smooth current increase above a critical value of thé’f mggmtude (10°) and a lowering of t_he emission thresh-
applied field which may be interpreted as an emission threstPld field by a factor of 2. The turn-on field of the bare sub-
old of “modified” films. This is most likely a result of the strates was 150 Yem and the maximum current density was
observed electrical breakdown. The improvement of the
emission with the number of scans is probably due to a sur-

. . : 101
face reconditioning with the increase and decrease of the o BNCui
electric field. We noticed that the emission threshold be- 100 k| & BNCLi+Laser
comes significantly lower with the cycle number. The hys- + CuLi
teresis of the emission current becomes less significant with § |, | oo ol
the number of the field cycling. < O Gub

Similar features, with a relatively lower emission electric £ ;2| o g@
field threshold, were observed in films grown using the End— § %;ﬁ
Hall ion source. Figure 2 shows a typical spectrum for rela- & o3} %“A ¥
tively thicker (~120 nm Mg-doped BN thin fims(BN34) 5 i W
grown at 450 °C. The turn-on field is lower and stabilizes § 104} o‘fA fj
around 25 VLim after the seventh cycle. However, the cor- g onh .
responding emission characteristics remain below those ofm 105 | MA +
typical chemical vapor depositiofCVD) diamond films. 4 :
With the exception of the two samples mentioned above 106 . 52) . 1(')0 . 130 . 2(')0 . 2%
(BN58 and BN34, we have to underline the similarity of the
emission behavior for the BN films grown under different Electrical field, V/um

Condltlons'. . . rﬁ . Fic. 3. Field emission characteristics from BN coated and uncoated CulLi.
STFEM investigation of a 4008400 nnf area from a typi-  The BN were deposited at80 °C using an ECR aha 4 sccm nitrogen

cal BN/Si sample reveals discrete electrically conducting inlow.
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Fic. 5. Field emission characteristics from CN sample grown at room tem-
Fic. 4. Field emission characteristics from BN coated CuLi sample grown aperature before and after pulsed excimer KrF 13848 nn) irradiation.
~80 °C using an End-Hall ion sourc¢é5 eV, 110 mA.

dependencies of the emission current upon applied field for
X ) Sthe surface before and after irradiation are given in Fig. 5.
75 Vlum and a maximum current density of 1 Aftat 175 11, hysteresis-like curves represent the behavior at increas-
V/,ur_n._ ) ) ) ) ing and decreasing fields. A significant decrease of the emis-
Similar samples with BN coatings deposited using thegjqn electric field thresholdabout 40 Viim) and a higher
End—Hall ion source show a turn-on field as low as 3AM/ et density, exceeding 1 A/émvas obtained at a laser
and a maximum current density exceeding 2 Afah 100 energy density of 0.2 JJGnSTFEM investigation of 400
V/um (Fig. 4. A 200x200 nnt area from the same sample 400 nn? reveals inclusions with a size of 100—150 nm.
was investigated by STFEM. Low conducting inClusionspis narticular CN film had a 25% N surface composition as
were observed with lateral sizes of 20—50 nm and local elecy, o545 red during deposition by AES. Emission centers
trocondu_ctivi_ty _of 0.3 nS. High resistivity BN areas are (peaks on the emission profilesccur near the boundary of
f(_)und primarily in the valleys (_)f t_he surfa_ce relief, but emis- the high resistivity—low resistivity areas. This is similar to
sion centerdpeaks on the emission profilesccur near the the case of BN/CuLi samples. The local electrical conductiv-

boundary of the high resistivity—low resistivity area. A i, \ajyes of the high resistivity areas were evaluated to be
higher degree of surface electroconductivity |nhomogene|tyG:0_2 nS. Another sample with a 32% nitrogen content
associated with the relief details of the surface, was observeg, s conductive inclusions with sizes of 50—150 nm. The

for films grown on CuLi substrates. The large difference 0by, . electrical conductivity values of the high resistivity ar-
sgr'ved between thre;holds of I_3N films grown on CuLi andy4 \were as high &3=0.08 nS.
Si is probably due tofi) the original surface roughness of a

: - O The above results are important for cold cathode device
CuLi substrate compared to that of silicon waféi lithium 4o\ elopment. Beside the electron affinity process mentioned
which is well known to lower the work function in alkali

_ in the literature for wide gap materials and the band gap
metal—-alloy coatings.

g i . states generated by defects such as vacancies and grain
Under high vacuum annealing, uncoated CuLi sampleg,q ngaries in CVD diamond filmi,it is shown here that the

showed a rapid deterioration of the emission current, whilé, o qance of a high surface density of high and low electrical
BN coated CuLi samples showed stable emission charactefagisiivity areas plays an important role in the field emission

|st|c_s. | h h s of | i characteristics of a surface.
Figure 3 also shows the results of laser vacuum annealing 1516 | presents the results of x-ray photoelectron spec-
of the previously described samples using a KrF excimer

laser(248 nm). The irradiation was performed in a series of
1000 pulses using a power intensity slightly lower than thatras.e 1. X-ray photoelectron spectroscopy analysis of a series of irradiated
leading to a visible alteration of the film surface. No visible CN surface spots.

enhancement of the current density was observed for either

1 mA/cn?. The turn-on field of the BN coated substrates wa:

. . . sp?
u.ncoated or coated CulLi surfaces except that the field emis- Power density Fraction N[1J/N[2] N, o,
sion behavior becomes smoother and more stable. Spot No. (Jlend) (%) ratio (%) %) Si
1 initial surface 83 11 10%-11%<2
C. Carbon nitride on silicon films 2 0.05 90 0.7 7%-8% <1 traces
. - ) . 3 0.10 87 0.3 7%—-8% <1 -
The effect of laser irradiation on the electron field emis- 4, 0.20 o5 03 5%-6% <1 much

sion properties of CN thin film is presented next. Typical
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troscopy analysis of a series of irradiated surface spots from As far as surface electroconductivity mapping, the impor-
CN thin films. The bonding energies of the'Cand N'®  tant results are that the higher emission currents and lower
spectral lines of the original film surface corresponded to thehresholds are observed for films with high inhomogeneity in
typical values for CN films found in the literature. The bond- surface electroconductivity values that are associated with
ing energies for the doublet’Rpeak were 398.2 eVpeak the details of the surface relief. The high resistivity areas are
N[1]) and 400 eV(peak N2]). The ratio of the peak inten- accumulated primarily in valleys, and the emission centers
sities was equal to 1.1 for an atomic nitrogen concentratiorfpeaks on the emission profijeare placed near the bound-
of 10%—-11% and an oxygen contamination up to 2%. aries between high and low resistivity areas. In the case of
The laser irradiation effectively changes the surface comBN and CN thin films deposited on Si, the surface appears to
position of the CN films. The nitrogen concentration de- be smoother and a good emission current is usually observed
creased by about 50% with respect to the original value afteonly after electrical breakdown.
irradiation with a beam energy of 0.20 J/&nThe oxygen
concentration in the modified layers did not exceed 0.2%—
0.3% (much less that the original valu@and remained the ACKNOWLEDGMENTS
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