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Field emission measurements using @/ thick nitrogen containing hydrogenated amorphous
carbon films (a-C:H:N) on n**-Si cathodes are reported. Onset emission fields as low as
4V um~! have been obtained using a flat plate anode configuration. Uniform emission is observed
over the entire cathode area at current densities below® > mA cm™ 2. At higher current density
preferential emission from spots is observed. The spot emission is imaged using the ITO coated
plate anode. A model based on the€€:H:N acting as a space charge interlayer onrifié -Si is
proposed to explain the emission at low electric fields. 1896 American Institute of Physics.
[S0003-695(196)01018-9

Flat panel displays with the same picture quality as thaby the presence of NExperimental studies on the electrical
available from conventional cathode ray tubes can, in prinproperties ofa-C:H:N carried out by us confirm that the
ciple, be obtained using multiple field emission cathodessariation in activation energy with increasing N is consistent
placed close to the phosphor screen and addressing thegith it acting as a dondf but an inefficient one.
appropriately: Diamond is a low electron affinifywide a-C:H and a-C:H:N films were deposited from a
band-gap semiconductor, and, on certain crystalline surfacesH, /He/N, gas mixture using a capacitively coupled rf
can have a negative electron affinity if terminated with®H pgcyp apparatus with magnetic confinement. Magnetic
or Cs." This makes it attractive as a field emission cathodeonfinement enables the formation of a dense plasma which
matenal. .It has been propos“etlhat 'the electron f';\fflmty pf is suitable for ionization of M and N. Highly dopedh-Si
diamond is largely determined by its Iocal_ bond|r_lg €nviron-g 01-0.0010 cm) was used as the substrate material and
ment. By analogy, amorphous carbon with a similar localy, o 5 ek contact to the films. All depositions were carried out
bonding configuration to that of the diamond surface shoquNi,[h the substrate holder held at a temperature of 20 °C
a_Iso have a relatively low electron affinity. PhgtoelectronDeta”S of deposition process can be found in the literattire.
yield measurements arC:H (Ref. § do suggest wide band- The structure, composition, and bulk electronic properties of

gap(>3.5 eV) polymerica-C:H has a low electron affinity. the films were examined using a number of methods. Elec-

Field emission has been measured on several carbaon .
L . . : tron energy loss spectroscofyELS) was used to determine
containing materials. Using rough or inhomogeneous mate:-

rials Lathant. Kordesh® Okano?® have obtained emissions at film density. Film structure was determined by examination

field of ~3 V um~L. Nitrogen containing single-crystal dia- of the fine structure in the C and Nedge features obtained
monds coated With'O and Cs will emit at fielgsl V um? from EELS. The relative N content in the films was obtained
For smooth homogeneous films high fields are usually necf-rom EELS’, nuclea.r.reac.uo'n analysisiRA) and XPS: all
essary~10-20 Vum~12 In this letter we report on an three techniques giving similar values for N content. The H

easily manufactured, smooth carbon and nitrogen containin?Ontent was determined by electron recoil data analysis
film which can emit electrons at fields of 4 ¥m~*. Nitro- ~ (ERDA) and RBS. Additionally] —V—T measurementéon
genation ofa-C:H has been investigated as there is growingﬁlms deposited Under identical Conditions on metal and
evidence which shows that nitrogen acts asidype dopant quartz substrat¢svere also carried out to determine the in-

in amorphous carbdfh'?and, therefore, has the potential of fluence of increasing the N content on resistivity. The results
increasing the current density available frawC:H cath- taken together suggest that, as in the case of unhydrogenated
odes. The doping mechanismarC:H:N is somewhat com- amorphous carbot,N acts as an electron donoraaC:H:N,
plicated in that the donor level is not determined by a clearthough an inefficient one as activation at room temperature is
cut substitutional or interstitial bonding environment as inmainly to the conduction band tail statés.

diamond. Rather ia-C:H:N the actual network changes to Field emission measurements were carried out using
accommodate the N. Theoretical models predict that the Nsmooth mirror qualitya-C:H:N films n* *-Si substrates as

in certain bonding environmerifscan provide a donor level  the cathode, and an ITO coated glass slide as the anode. The
which is shallow with respect to the effective conduction Spacing and Over|ap between the p|ate anode and the cathode
band edge ia-C:H:N (which is modified from that im-C:H  \yas set at 5um (using glass fiber spacerand 1 cni. Field
emission measurements were carried out at a pressure of
dElectronic mail: amaratun@liv.ac.uk 5% 107 Torr. The current densityJ) versus electric field
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10° 0 1|0 2.0 3|0 4|0 5.0 60 FIG. 2. High current spot emission from arC:N film on n* *-Si cathode
Electric field (Vum“) (@ 0.1 mA cni? (b) 0.2 mA cni 2. The transparent ITO coated glass plate
anode is separated from the cathode by thregus0diam glass fibers in a
(@) vacuum of 5<1077 Torr. Fluorescence from the ITO occurs at local high
current density spots.
Electric Field (Vum™)
20.0 10.0 6.7 5.0 4.0 N films all give values of 0.03-0.05 eV in the high field
107 ‘ ' ' ‘ ' region (1E<0.1 um V~1). There is some justification in
_ R 1'5%0 assuming an ideal flat plate emitter, AFM profiles before and
~ T S Jaw T ‘"”»m,,mx I after emission measurements on 0%, 7%, and 11% N films
‘;> 3 % 1T(y e e o Yy show an unchanged minimum to maximum surface morphol-
E 0 7% 153, ° M ogy <3 nm. However, extrapolation of the data using the
NS 290 calculated emission barrier gives an effective emission area
%o 0%\ 5%, o I of the order of 1026~10 2° m? (whereas the entire cathode
3 s 0 Z A area is 104 m?). Furthermore, optical absorption measure-
10 . N | ments of the band gap of teeC:H:N films gave values in
o . . . . . the range of 1.7-2.1 eV, which, when taken together with

000 005 010 015 020 025 030 photoelectrpr_l yield measuremeﬁMOuId give the films an
1 / Electric Field (umV™") electron affinity of=2 eV. The origin of the very low 0.05—
® 0.03 eV emission barrier, therefore, cannot be directly re-
lated to any fundamental property of taeC:H:N (as in the
FIG. 1. Electron emission characteristics of @u3 thick (a)—(c):H:N films case of classical F-N emission from metal cathandes
with varying N content.(a) Current density vs electric fieltb) Fowler— The ITO coated gIass_anode can also b? u_sed as a low
Nordheim plots. persistence phosphor for imaging of the emission from the
underlying cathode at high current densityAt a current
E) plots from five 0.3um thick a.C:H-N fil h N density below 10?2 mA cm™2 there is no glow from the ITO
(E)p o':cs Oromo|ve . ,umg Icka-t. o 'mi wit NCON- \which is perceptible to the naked eye. As the current density
tents of 0%, 7/o,_11_/o, 14%, and 15% are shown in Fig).1 _approaches 51072 mAcm 2 there appears a uniform
These characteristics are stable and repeatable over per|06§rp|e glow over the entire anode area which overlies the

of weeks in the vacuum chamber. Exposure to atmosphergyihode. This uniform glow is weak and can only be seen in
does not degrade the emission properties of the films. Thge gark. It appears, therefore, that at this level of current

current density is calculated by taking the entire film area tCHensity there is uniform emission from taeC:H:N film on
form the cathodeall values of current density are quoted in ++_gj \When the current density rises above B2 mA
this basig. The electric field is that obtained by taking the ¢y-2, bright spots begin to appear and the highest current
entire applied voltage to be dropped across the vacuum gagmission occurs, preferentially, from a limited number of
Control experiments were carried out using an uncoated Sipots. Further increase of the electric field and current leads
substrate and by reVerSing the polarity of the anode—cathoq@ the Spots becoming brighter and a number Of Spots be_
terminals. No current could be measured up to a field of 5¢ome unstable. The glow has a background of randomly
V um ~* (the instrumentation was sensitive down to a cur-moving spots due to emission sites turning on and off, to-
rent level of 10 nA. The nominal onset fields for an emis- gether with emission spots which are stable over time peri-
sion current density of I0' mA cm™? from the data in Fig. ods of minutes. A typical image of bright emission spots, at
1(a) are: 28 Vu m~* (0% N), 16 Vum™' (7%), 13 V. a nominal current density of 0.1 mA ¢iA (calculated over
pm "t (11%N), 6 V um 1 (14% N), and 4 Vum ~! (15%  the entire cathodeis shown in Fig. 23). The emission from
N). The data plotted according to the Fowler—Nordheimthe same sample at a current density of 0.2 mA éns
(F=N) relationship for field emission, Id(V?)=—b/E+In  shown in Fig. 2b). The three optical fiber spacers can be
(@ is shown in Fig. 1b). The J—E data from the film with  seen in Fig. ) due to the enhanced emission caused by the
the highest N[15%), which has the lowest onset field shows field concentration around them. The nonuniformity in the
a very good fit to al=eV?-type relationship. gap introduced by the three fiber spacers is clearly seen from
The emission barrier calculated assuming an ideal flathe much brighter glow between the top two fibers. The
plate emitter from the F—N plots for 0% N, 7% N, and 11% bright glow in this region includes of a number of “moving”
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electron emission from the fully deplet@dC:H:N layer can
be the origin of the measured low onset field for emission.
This has similarities to the hot electron model proposed by
Er Bayliss and Lathad for a metal cathode covered by a thin-
n-Si nea-c:H:N  vacuum metal film insulator. With a semiconductor, the major difference is
(@ the distributed nature of the space charge and the ability to
Evac control the amount of band bending by varying the donor
concentration.
The enhanced emission fromC:H:N as the N content
e increases, can now be understood in terms of an increase in
\ the concentration of ionized donor centers leading to a higher
10eV Evac field across the films at a given applied voltage between the
n**-Si and the metal anodgFigure 3b) illustrates the ex-
T E perimental case with maximum concentratjo conse-
(b) quence of this model is that the true cathode isrfié -Si
and that thex-C:H:N acts as, what we term, a “space charge

FIG. 3. Heterojunction band diagram nf *-Si/a-C:H:N (0.3 um) vacuum jnterlayer” with a lower electron affinity to enhance electron
(1.5 um)/metal structure. Tha-C:H:N is taken to have a dielectric constant

Evac 2eV Evac
beV

of 4 and an electron affinity of 2 eV. The dopifdono in thea-C:H:N is emission. . L .
taken to be X 101 cm™3. (a) No applied field top(b) an applied voltage of Our.resu_lts .|mply that althOUgh'C-H-N. films are suc-
10 V between the anode amd * Si. cessful in bringing about very low onset fielt V um—1)

for field emission, the 1 mA cn? current density required

spots which have been integrated over the camera time of fpr diode-type field emission displays cannot be obtained
s. These pictures were taken in a normally lighted room. u_nlformly and rellal_aly. Addltlonally, the highest current den-

To understand the origins of the emission process fron$ity at the lowest fielda-C:H:N with 15% N has been ob-
a-C:H:N on n-Si, we have considered a composité™-Si  tained from a film which shows aA/current dependence.
a-C:H:N/vacuum/metal energy band diagréffig. 3. The Si  This is not appropriate for the switching of a display ele-
and the a-C:H:N should be viewed as forming a Ment, where an exponential increase in current is required to
heterojunctiot® The a-C:H:N is taken to be the most Obtain sharp turn-on at a well-defined voltageiowever, in
(15%N) n-type with an electron affinity of 2 eV and a thick- @ triode configuration, where the cathode can operate at
ness of 0.3um. It is assumed that there are no charged defedower current densitiesa-C:H:N has a great potential as a
states at the heterojunction interface. The electron affinity ofhin-film cathode interlayer for reduction of the emission
the Si and the anode metal are taken to be 4 and 3.7 eield.
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