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This study reports UV-photoemissigdPS measurements made on boron nitride crystals and thin
films. The materials examined are commercial grad&N powder and thin films of BN deposited

with ion beam assisted e-beam evaporation and laser ablation. The thin film samples examined
exhibited varying amounts afp® (cubic) andsp? (hexagonal, amorphousonding as determined

by FTIR measurements. The UPS measurements displayed the spectral distribution of the low
energy photoemitted electrons and the total energy width of the spectra. These characteristics can be
related to the electron affinity. The measurements on several of the BN powder and thin film
samples revealed features in the emission spectra which are indicative of a negative electron affinity
(NEA) surface. ©1995 American Institute of Physics.

The electron affinity of a semiconductor is the differencea NEA® The AIN previously shown to be NEA has been
between the vacuum energy level and the conduction baneixposed to ambient demonstrating the potential ruggedness
minimum level. The phenomenon of a negative electron afof these NEA surfaces. Similarly, boron nitridBN) was
finity (NEA) occurs when the conduction band minimum identified as an excellent candidate for also having a NEA
energy lies above the vacuum energy level. Any electrorsurface. It has also been shown that cubic 8MBN) can be
promoted into the conduction band then has enough energy-type andn-type doped with Be and Si, respectivélyn
to escape into vacuum. This phenomenon has potential fahis study all samples were examined “as is” after being
application in electron emission devices with unique properiransported in air. BN samples prepared by three different
ties. Currently, NEA photocathodes are utilized in many pho-methods were studied in this work; commercial grade
todetector designs but are easily poisoned by contaminatiom-BN powder’ and BN thin films deposited with ion beam
This disadvantage has impeded development of practicalssistance by e-beam evaporatiomnd pulsed laser
NEA vacuum electronic devices in other applications such aglepositior’
cold cathode emitters. Figures 1a) and Xb) show scanning electron micros-

The presence of a NEA can be determined by ultravioletopy (SEM) images ofc-BN crystals deposited on highly
photoemission spectroscopPS.>~* This technigque in-  oriented pyrolytic graphitéHOPG). The crystals were elec-
volves directingh»=21.2 eV photongHe | resonance line  trophoretically depositéd using a monocrystallinec-BN
onto the sample surface and energy analyzing the emittegowder with crystal sizes less than Os8n. To prepare these
photoelectrons. The UPS technique is typically used to prosamples, 100 mg of the-BN powder was mixed with 100
file the valence ban@VvB) electronic states. As such, most m| of ethyl alcohol and dispersed into a uniform solution.
UPS studies present spectra of only the most energetic emigraphite was chosen for the deposition electrodes due to the
ted electrons. Scattered and secondary electrons will be emigonductive nature and the low photoemission yield of graph-
ted at the lower kinetic energies in the SpeCtra. For a Semite in UPS measurements. The two electrodes were sus-
conductor with a NEA surface, a distinctive peak may bepended in the solution approximately 1 cm from each other
observed at the lowest kinetic energy in the spectra. This lownd a potential of 8 V was applied between them for 8 min.
energy feature is due to the large number of electrons thagpe coverage is estimated from the SEM images to be
have (quas) thermalized to the conduction band minimum —ggos. A 10 mmx10 mm piece of the sample was cut and
and still have enough energy to escape into vacuum. A se€Gnounted for the photoemission measurements.
ond indication of a NEA is that the width of the UPS spectra  The substrates on which the e-beam BN thin films were
is W=hv—Eg, whereW (the width of the emission spec- deposited were on-axi€00) single crystal, B-doped S
trum) extends from the low energy limit to the VB maximum —o5_45() cm). Cleaning consisted of a 10 min oxide etch
angl = is' the banq gap of the matgrial. In contrast, for ma-jn 10% HF followed by heating to 700 °C for 15 min in
terials with a positive electron affinity, the UPS measure-irahigh vacuum. The substrates were subsequently trans-
ments folloyv_the relationN=hv—Ey—x, where x is the  faorredin vacuoto the deposition system.
electron affinity. o o The e-beam films were deposited in a UHV sysiéase

Recently, aluminum nitridéAIN) was shown to exhibit pressure<5x10 ~1° Torr) onto substrates heated to 400 °C.
Boron was deposited at a rate of 0.5 A/s by electron beam
dElectronic mail: robert_nemanich@ncsu.edu evaporation from a solid source. Simultanegual 3 cm
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FIG. 2. UV photoemission spectra ofBN powder on graphite and bare
graphite. Samples were biased-a2 V to overcome the work function of

the energy analyzer. The spectral widths are consistent with a band gap of
6.2+0.3 eV for thec-BN and a work function of 4.40.3 eV for the graph-

ite. The spectra are displayed at the same scale.

(b) E¥s e N — : spherical energy analyzer is used to measure the energy spec-
FIG. 1. SEM images ofa) graphite substratédark areas covered with trum of the phc_)toemltted_ electrons. The apertures US(_Bd in the
c-BN powder (light areas and (b) magnified image ot-BN crystals on analyzer for this study give a 0.15 eV energy resolution and
same substrate. a 2° angular resolution. The effective acceptance area of the
analyzer is a spot approximately 2 mm in diameter on the
Kaufman-type ion source was operated with a beam energg§@mple. The sample to be examined is fastened onto a mo-
of 500 eV to assist the deposition, Mnd Ar flowed at 1.5 lybdenum sample holder with tantalum wire. Biasing of the
sccm each through the ion source during deposition. Théample holder up to several volts can be done to overcome
deposition system and procedure are described in deta@ny difference between the work function of the analyzer and
elsewheré. the sample. UPS measurement of a clean molybdenum sur-
The third set of BN films were grown by pulsed laser face with no sample biage., groundeglis used to determine
deposition on 100 substrates. In this technique, a KrF the Fermi energy level of the system.
excimer laser is focused onto a hexagonal BN target. The UPS measurements of theBN powder sample are
laser operates at 248 nm, a 22 ns pulsewidth, and 500 mJ §hown in Fig. 2. A sharp feature at the higher binding ener-
energy per pulse. The laser initiates a plasma directed normgies (i.e., lowest kinetic energyis clearly visible indicating
to the surface of the target from which B and N atoms, ionsthat the electrons that have thermalized to the conduction
and molecules are jettisoned and subsequently deposit on thand minimum are escaping into vacuum. The feature is
substrate. The process is conducted in approximately 100 mdimilar in sharpness to features observed in dianfofid?
of N, gas which helps promote stoichiometry in the fiim. Thec-BN coated sample was biased up to 2 V to reveal the
The BN films grown in this way are predominantly full width of the electron energy spectrum. The width of the
sp?-bonded and have a hexagonal crystal structhre. spectrum is determined by linearly extrapolating the left and
The BN thin films were analyzed in transmittance moderight sides of the curve to zero. The very low signal which
by Fourier-transform infrared spectroscofyTIR) to deter-  continues up to the Fermi level is attributed to the graphite.
mine the BN phases. The spectrum obtained from a bare Jiuger electron spectroscogpES) revealed the presence of
substrate was subtracted from all spectra obtained from th€ along with B and N. Since the probing area and depth of
BN/Si samples. Tetragonally coordinateg®-bonded cubic AES and UPS are similar, some graphite photoemission sig-
BN exhibits a transverse optical mode absorption peak atal is expected in the UPS data. A weak oxygen feafw®
1075 cm 1. Hexagonal and amorphous BN are indistin-ML) was also observed in the AES spectra, and no other
guishable in the FTIR spectra as both are made up of threempurities were observed below 600 eV.
fold coordinateds p?-bond types characterized by a primary In an effort to separate the-BN powder and graphite
absorption peak at 1367 ¢m and a secondary absorption signals a piece of bare HOPG was examined with UPS. As
peak at 783 cm 1.1213 can be seen from Fig. 2 the spectra from the bare HOPG is
The UPS chamber has a base pressurexdf@® ° Torr.  significantly different from the-BN powder coated sample.
A differentially pumped helium resonance lamp is used toThe overall magnitude of the photoemission signal from the
provide 21.2 eV(Hel line) UV light on the sample. The c-BN powder surface is aboutbgreater than from the bare
additional helium increases the background pressure duringraphite surface. The valence band spectrum of the bare
measurements up tox20~° Torr. A 50 mm radius hemi- HOPG sample is rather featureless in comparison with pre-

Appl. Phys. Lett., Vol. 67, No. 26, 25 December 1995 Powers et al. 3913



hv=21.2eV
Normal Emission

laser deposited
non-cubic BN

e-beam deposited
non-cubic BN

Intensity (a.u.)

e-beam deposited
cubic BN VB edge

x100'\.."\I“&J“'\‘M

20 -18 -16 -14 -2 -0 8 6 4 2
Energy below Fermi Level (eV)

in Fig. 3. The magnitude of the peak emission signals was
generally lower than that from the other surfaces studied.
While the spectrum in Fig. 3 shows emission extending to
low energies, the spectral width would correspond to a band
gap of 7.2£0.3 eV which is too large to be consistent with
reported values for noncubic BKB.8—6.2 eV.!” Alterna-
tively, if we assume a band gap of 5 eV, the measurement
would indicate a positive electron affinity of 2.2 eV.

We note that the analysis presumes that the surface band
gap is the same as the bulk. The presence of filled surface
states could modify the surface band gap, but we have not
identified such states in any spectra.

The electron affinity is strongly affected by the surface
termination which may be the cause of the differing results
on the deposited films. A thin layer afBN may be present

FIG. 3. UV photoemission spectra of e-beam deposited cubic and noncubi@N th_e surface of a hexagonal SameIH visa—verspand

BN, and laser deposited noncubic BN. Samples were biased3aV to remain undetected by the FTIR measurements due to the low
overcome the work function of the energy analyzer. The spectral widths okignal. Some samples were observed to crack from internal
the e-beam deposited samples are consistent with band gaps=@i.3.8V  gyragges in the BN film which would certainly give rise to
for the cubic and 6.€0.3 eV for the noncubic sample. The spectrum of the . .
laser deposited sample is not consistent with a NEA. The spectra are didlonuniform surface eﬁegts. Since the samples have been ex-
played at the same scale. posed to atmosphere prior to the UPS measurements, envi-
ronmental contaminants may also be responsible for altering
the surface dipole which determines the electron affinity.

viously reported spectra of graphfteThe final state feature
yrep P grap Further study is needed in order to establish the surface con-

at ~13.7 eV belowE; is, however, just discernible. We at- " " hich f
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