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Multipeak characteristics of field emission energy distribution from semiconductors

R. Z. Wang}? X. M. Ding,! K. Xue/ B. L. Zhao! H. Yan? and X. Y. Hod*
1Surface Physics Laboratory (National Key Laboratory), Fudan University, Shanghai 200433, China
2College of Science, Zhejiang University of Science, Hangzhou 310018, China
3Quantum Material Laboratory, Beijing University of Technology, Beijing 100022, China
4Department of Electronic Engineering, The Chinese University of Hong Kong, Hong Kong, China
(Received 10 June 2004; published 5 November 2004

Multipeak characteristics of field emission energy distribugibBEED) from semiconductor films has been
investigated theoretically. It is shown that for wide bandgap semiconductors with low or negative electron
affinity, the appearance of FEED multipeaks is inevitable when a high electric field is applied, and the extra
peaks will become pronounced while the peak positions shift toward the lower energy side with increasing
field, which agrees well with experimental observations. It is also found that the number, strength, and position
of FEED peaks are strongly dependent on factors such as field intensity, electron affinity, and doping levels.
Resonant electron tunneling is suggested as an appropriate model to describe the FEED multipeak character-
istics observed.
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I. INTRODUCTION reported on the FEED multipeak effect from semiconductors.

. S . For the FEED multipeak behavior of metal, only Nagy and
fielﬁlgﬁisgi?\deerz:n %?gtrigjggggggtolf% iSt;gtSLeﬂs?Ee CutleP calculated the anomalous TERom tungsten based

: 9y Ung 9 on Stratton’s theory.Because of oversimplification of the
a retarding potential analyzer, the analysis of FEEDs ha

/ S nd structure model used in their calculation, the results
become an important approach to address the origination g

field emission. Metals were studied intensively both experi-exhlblted observable discrepancies in both the shape and the

) L X position of the second peak from those experimentally ob-

E]Iglgtg")pl):;l? itgegéig?sllzggsﬂtlzéhel'; 3'12220&55’5’\/3;23:? an erved. Binret al® pointed out previously that the simplified
Crouset observed for the first timé an anorﬁalous total en- and structure model could not even explain the experimen-
TR . . tally observed enhancement of the first peak of FEED with

ergy distribution(TED) with a shoulder from a tungsten field . ina field. Eurther th ical i - he ph
emitter; in 1992, Bintet al® observed clearly well-separated Increasing field. Further theoretical investigation on the phe-

i X nomena is obviously needed.
peaks of FEED from tungsten nanoprotrusion tips. For In this paper, by taking into consideration the overall field

FEEDS of semlconductors, Stratfopresented a detailed effect on the band structure and on the surface potential bar-
theory in 1964; however, there were few experimental re-

. . : ..._rier, we put forward a resonant tunneling model to describe
pROeréchilfyFI(EjEeD tf(gogqu:s ?E:::g%r;dtég%r glrmis?onr:";?oep;rs'?iigsb{he multipeak characteristics of FEEDs from semiconduc-
wide bandgap semiconductoWBGS) films# FEEDs from ors. Our calculations show that a distinct two-peak charac-

i . T teristic of FEEDs is inevitable with increasing field intensity,
semiconductors have attracted much attentidfThin films . . . '
of WBGS's such as diamofd®15and cubic boron nitride ™ good agreement with experimental resd®s! Moreover,

. . X the calculated results show that, besides the field intensity, a
- 12-14 ’ ’
'Eﬁeigl)mate::}/se Zieer;a:rte:;(;\ﬁé% ?;]ljedf)zétzzgeF;EaDzisffgw or negative electron affinity is also a key factor to the
FEED peak Ve?y receri/tly an additional FEED peak igappearance of the FEED multipeak charactersitics. Also
higher field intensity was reported for WBGS's: Chetral 10 taken into consideration in our calculations is the effect of

doping on the FEED characteristics, and the results show
observed repeatedly the two-peak feature of the FEED fro . . ” o
amorphous carbon nitride films, and Collazbal X found a at heavy doping will lead to the multipeak characteristics;

two-component energy distribution characteristic of ﬁeldﬁven_lmc()jre thgn two peaékstmay appear in the FEED of a very
emission from AIN films under higher fields. In fact, a little ' -ov'Y GOP€d semiconductor.

earlier, Groninget al? studied the energy distribution of the
electrons emitting from nitrogen-containing diamondlike car-
bons and a small second FEED peak was also observed, but
they neglected this small FEED peak and even did not men- To emphasize the physics behind and to simplify the
tion it in their work. These experimental results showednumerical calculation process, we focus on not the total
FEED multipeak characteristics from semiconductors in highenergy distribution, but on the normal energy distribution
fields should be intrinsic. Nevertheless, to the best of ouand separate the supply functions and the transmission
knowledge, no thorough theoretical investigations have beeooefficient.

Il. THEORETICAL MODEL

1098-0121/2004/109)/19530%6)/$22.50 70 195305-1 ©2004 The American Physical Society



WANG et al. PHYSICAL REVIEW B 70, 195305(2004)

The field emission in a semiconductor can be expressed (27-rrr1;kT)3’2 E.-Er
adé N(p) =2 He T e (5)
4 keT
J= % f T(Ex)ln[l + e—(Ex—EF)/kBT]dEX = f ‘J(Ex)dEX1 (27Tm* kT)3/2 E-E
Np(g) =2——F exp( : F+<p>, (6)
p 3
(1) h kT
whereq is the unit chargen is the electron transverse mass, E _E.
kg is Boltzmann’s constanEX:P§/2m is the normal energy, N; - Nj = 2n; sinh(gg), @g= F_—A (7)
T the temperaturd) is Plank’s constant, ané is the Fermi KT
energy.J(E,) is the expression of normal-energy distribution . . *
°ray Edi XP ! gy distributt wherek is Boltzmann’s constanty is Planck’s constantn
written as f . . n
andm, are, respectively, the effective masses of electron and
AmqmkgT o hole, Ex and Ef; are, respectively, Fermi and quasi-Fermi
JE)=— 75 -In[1+e&FEeT]. T(E,). (20  energiesp; is the intrinsic carrier concentratiol, is the

minimum of the conduction band, aft) is the maximum of

Equation(2) is made up of the transmission coeffici@itE,)  the valence band. The intrinsic carrier concentration is given
and the supply function. Transmission coeffici@iE,) can by
be calculated by the transfer mat@&M) method” 18 based 3
on the analytical solution of Schrodinger equation with a = 27KT * 4314 —E2KT
. / . . i=2| /3 (m,mp)~"e ==, (8)
linear potential, and the solution can be expressed as a linear h
combination of the Airy function or other wave functions. In ) o
this method, an arbitrary potential barrier can be divided intg¥here Eg is the bandgap(E,=E.-E,). Combining Egs.
square segments that can be treated as linear barriers. Cof?—(8) With (3), one can obtain
pared with the Wentzel-Kramers-BrillioufWWKB) method, ¥ .
the TM method is based on an accurate solution of dx do

|5

0 [N

Schradinger equation, so that the results are much closer to 9
the realistic depiction of the tunneling process during field
emission.

In our calculationsm, andEr are treated as experimental Here, ¢s=(¢s— ¢g) /KT, ¢ is the band bending at the inter-
fitting parameters, set by the specific semiconductor banthce (x=0), J=(geokT/2ne?)*?] is known as the Debye

structure. Thus, the detailed band structures can be simplifiestreening length, anf{¢, ¢g) can be expressed by
as only the density of occupied states needs to be considered

f(o,0p)

in computing the supply function. However, band bending @ \ 34
in high fields should be considered, because the maximum f(o, 0g) = oo _ f (TE) ex;{ E -Er + QD)
value of the band bending, which is almost in linear e dx |, m, KT
proportion to the bandgap of WBGS’s, may be as high as “B
several electron volt® One should also consider that my, \ E.- Er
carriers in semiconductors may form a space charge region “\ S
under high fields, which can be best described by Poisson’s P
equation as 2
d2¢(x) e 3 -2 Slnf((pg)}d(p
=—p(x).
e 880p( ) )
Here, #(x) andp(x) denote, respectively, the potential energy ={alexp(p) — explgg)] -~ blexp(~ ¢g)
and the total volume charge density at the place with distance —exp(— ¢)] - 2 sinl(¢g)(¢ - <pB)}1/2, (10
x from the semiconductor-vacuum interface, ag@nde are
the vacuum permittivity and the semiconductor dielectricwhere
cpnstant, respectively. Assuming=@/kT, p(¢) can be e\ E_E
given as a= _g ex Uk_T , (11)
. m,

p(e) =e[ny(¢) —nc(e) = (N = Ng)], 4)
wheren(¢) is the electron concentration in the conduction : m; s/ E.-E¢
band, ny(¢) is the hole concentration in the valence band, b= m; KT (12)

and N; and Ny are the ionized accepter and donor concen-
trations, respectively. When an external field is applied, byThus, the potential shape in the space charge region can be
assuming constant density of states modgly) andn,(¢)  derived numerically from Eq(9) and the interface electric
can be obtained by field Eg can be obtained from
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_ds _KT el _KT

= = _— = — o E,

STedx es dx |, o5 (o ¢8) (13 ° ¢ BN
Compared with Tsong’s modé!, the function f(es, @g) S22 £,
is calculated in a much simpler way in that only the e S Saaian
basic data ofm, and m  are needed, which can easily ?_4_ F
be obtained for both intrinsic and doped semiconductors. e
In addition, the band bending can be easily obtained s &

from f(es, @p).
In the TM method for computin@(E,), potential barrier

s_hape is a key parameter aff_ecting the transmiss_ion coeffi- '_8100 T T — 0 25
cient dramatically, so we considered a more complicated and

o ; Distance (A
realistic image potentiat ' &
5 3 P FIG. 1. Energy band diagram of the c-BN/vacuum/metal
q i i -
V(2 = 2 (BB')" (14) structure with a voltage of 5 V applied between c-BN and metal,

16mesn—g ns-z (n+s-z]’ where E, and E; are the conduction band minimum without and

) ) ) o ) with the field applied, respectively, anfd, is the valence band
wheres is the vacuum gapq is unit chargegs is dielectric  maximum.

permittivity of the semiconductok, is the permittivity of

vacuum, B=(es—eo)/(esteo), and f'=1 for a metal- o) stability, and its behavior as a typical WBGS. In the

vacuum-semiconductor junction. We base our calculation OReported experimental results of semiconduct8r& only
the sandwiched model with a vacuum between the semicoRygGs's show the multipeak behavior in FEED.

ductor cathode and the metal anode. However, since the im-
age potential in the form of Eql14) does not include the
field penetration, it is not proper concerning the interfaces,
whereV,(z) tends to be negative infinite. To be more realis- Figure 2 shows the multipeak FEED calculated for c-BN.
tic, the image potential shifting should be considet&tihus, In the calculations, we kept a constant distance of 3 nm be-
we re-form Eq(14) by adding the shift lengths andr, into  tween the anode and the cathode and varied the applied volt-
the semiconductor and the metal, respectively. Equatign  age to study the dependence of FEED on the electric field.

A. FEED versus field strength

can then be rewritten as The adoption of a constant cathode-anode distance was for
. ) ease in modeling the system. FEEDs measured from a real

I 2+l B sample configuration, in which the vacuum gap could be
Vs(2) = 16’778520 (BA") (2n+1)s-z+r, much larger than 3 nm, may deviate from those shown in the
" - figure to some extent. However, the main features, such as
B the number of the peaks, of the calculated and measured

- 2n+2)s-z-r, | curves should principally the same if the same field intensity

. _ is kept in the two cases. In our calculations, the field inten-

+ o S (352 B sity varied from 0.67 to 2.0 V/nm, which matches the real
16megy | 2ns-z-r1, systems well: the field intensity in a real system may even be

i higher than 2 V/nm when the geometric electric field en-

_ B’ (15) hancement is taken into consideration.
2n+1s—-z+r, | One may notice in the figure that the multipeak behavior

i ) o . becomes more obvious in increased fields, which is in good
Since the shift length decreases with increasing surfacgqreement with the experimental resdf$2With a low field

charge densifi and the surface charge density in the metalynlied, only one peak appears as shown in the inset of Fig.
is larger than that in the semiconductor, we assume

=1.2 a.u. and,=1.6 a.u. based on reported da&ee Ref.
22,1 a.u.=0.529 A

Figure 1 is the potential distribution of c-BN with the
band bending and the effective image potential taken into
consideration, whergy and electron affinity are chosen to be
6.5 and —0.3 eV, respectively. Other parameters are the
same as in our previous wotk.

IniameRy (ard. wiks)
>

Intensity (arb. units)

N
Ill. RESULTS AND DISCUSSION -2 -1
E-E, (eV)
As an example, we present here the calculated FEED of

c-BN. The reason for selecting c-BN lies in its superior prop-  FIG. 2. FEEDS of c-BN at different applied voltages, with the
erties as an excellent field emittérsuch as chemical and vacuum gap kept constant at 3 nm.
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FIG. 3. FEEDS of c-BN at different vacuum gaps, with the

applied voltage kept constant at 5 V. FIG. 5. FEEDs of ¢c-BN at differenb-doping concentrations,

with the applied voltage of 5 V and the vacuum gap of 3 nm.

2, when |n_|nc.reased. .fle|dS,.a.. second peak becomes P"%0re completed understanding of multipeak behavior in
nc(;junced, r\:\”thb'tsh position Sh'gmg tovr\:ardhthe lower energ;I/FEED it should be interesting to examine the effect of dop-
side. Such a behavior coincides with what was previously ' . . )
found for metals. Binret al®* observed experimentally that ing on multipeaks of FEED. In Fig. 5, we show the calcu

; lated FEED of c-BN for differenh doping. The results show
the weII—separa}ted Pea'@ of FEE.D. occurred on!y In _the aSfhat the number of the peaks of FEED increases when the
of nanopLotrus;]on tI%S with Iolcallzm% inough high field in- doping concentration is increased. Unlike previous work, our
tensity. They showed an evolution of the TED’s versus pro- X '
trusion height on the same base tip. As the height of th study shows that there may be more than two peaks of FEED

protrusion increased, i.e., the localized field over the protruen the case of heavi doping. Further experimental support

sion apex increased, emergence of the second FEED peé%(ObVIOUSIy needed.
became pronounced, same as our calculated results for semi-
conductors shown in Fig. 2.

We have also kept the voltage constant and changed the
distance between the anode and the cathode to vary the field In previous_theoretical researches on the FEEDs of
intensity, and got a similar behavior of FEED, as shown inseémiconductor$? the phenomena of the multipeak FEED
Fig. 3. Based on these observations, we propose that the fieflere not observed theoretically. This might be due to two
intensity is a key factor for the multipeak characteristic ofreasons: first, the transmission coefficient was probably ob-
FEED. tained with the WKB method5which made the resonance

of the transmission coefficient disappear inadequafebgc-
B. Negative electron affinity (NEA) effects ond, th_e _appli_ed fields might not be high enough or the elec-
T _ tron affinity might not be low enoug.

By maintaining other parameters constant and changing | order to understand the physics of the multipeak char-
only the electron affinity, we studied NEAs effects on FEED acteristic of FEED, one should focus on the process of elec-
of ¢-BN. In Fig. 4, with the electron affinity decreased, atron tunneling in field emission from semiconductors. In our
second peak of FEED appears and gets stronger. It is obvioggculations, all the effects intrinsic to the band structure of
that the negative electron affinity is also an important factokhe semiconductor were ignored, so the FEED calculated
to affect the multipeak behavior. Experimental results alsq:oy|d only be attributed to electrons tunneling through the
proved this, for multipeak characteristic of FEED could begyrface potential barrier under high fields. In other words, the
found in some WBGS's with NEA? multipeak characteristic of the FEED may root in resonant

tunneling through a single-barri¢see Fig. 1 It may origi-
C. Doping effects nate from interference of incident and reflected electron

In addition to the field intensity itself, doping may affect Waves at the surface potential barrier interféBlotting the
field emission properties for some semiconductors. To get 4€ld émission current making up of the supply function and

D. Mechanism of FEED multipeak formation

3

g
5 L
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-_ 2
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FIG. 4. FEEDs of c-BN at different electron affinities, with the FIG. 6. lllustration of the FEED multipeak characteristics by
applied voltage of 5 V and the vacuum gap of 3 nm. separating Eq(2).
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I — experiments®2 However, only a single FEED peak was
I Maaa observed in the previous thedi$® To explain this phenom-
g%- enon, Cheret all% assumed that the small peaks might origi-
[ C—— \/\/\/ nate from the interband states due to1 1defects or doping in
% J semiconductor films, while Collazet al** thought that the

"§°-° intervalley scattering was evidenced by a multicomponent
§ Fe=p %;\“’f energy distribution featuring a second peak at the energy
§ s ‘/g"""“1 ] position of the first satellite valley under high fields. How-
.3 - -

ever, neither interband states nor intervalley scattering is

taken into consideration in our model, but the multipeak
FIG. 7. lllustration of the FEED multipeak characteristics with characterlstlcs of FEEDs in semwonductors can be still ob-

different n-doping concentration. tamgd. Based on our re.sglts, the multipeaks of the FEEDs of

semiconductors may originate from electron resonant tunnel-

the transmission coefficient based on E2), we can under- ing through the surface potential barrier under the high field

stand clearly the substance of the multipeak characteristic afitensity.

the FEED as shown in Fig. 6. Due to great contribution of

the supply function, there is a resonant peak of transmission

on the low energy side; a second peak is formed in the region IV. CONCLUSIONS

where the supply function exaggeratedly decreases. The we adopt a resonant tunneling model to theoretically

resonant peak of transmission disappears for negligible Supy,dy multipeak characteristics of the FEEDs of semiconduc-
ply function contributions on the high energy side. As theyrs "t is shown that electric field combined with NEA and
field intensity is changed, it can be seen easily in Fig. 6 th oping level have strong effects on the property of multipeak

the magnitude of the second peak of the FEED rests with thgopvior Upon increasing the applied field, the second peak
strength of the resonant peak of transmission coefficient o[),

the low energy side. This means that the appearance of theIII app_ea'r\lgr&d shift to the Iov_ve:jen_ergy S'd?' V(\;ht"e a dle
multipeak characteristic of the FEED may originate from crease in or an increase in doping may lead to simiar
resonant tunneling through the surface potential barrier. OﬁﬁECts' . - .
the other hand, the oscillatory behavior of the tunneling co- From our calculation, the orgm of multipeaks may come
efficient is also presumed to be due to resonance through tHE°M €lectron resonant tunneling through the surface poten-
virtual states above the barri@rit also indicated that there tial barrier, since electric field, electron affinity, and doping
may be multipeak characteristics of the FEED in the semilevel determine the potential barrier, and these factors have a
conductors with NEA. strong effect on the resonant tunneling process, leading to the
Figure 7 shows the multipeak characteristic of FEEDsFEED multipeak characteristics.
with differentn doping levels. As th@-doping concentration
increases, the supply function shifts toward the high energy
side, which holds the resonant peaks of the transmission co-
efficient. This will lead to an increase in the number of This work is supported by the CNKBRSF, the National
peaks. Natural Foundation of China under Grant No. 10321003, and
The multipeak characteristics of the FEEDs from semi-the Science and Technology Commission of Shanghai Mu-
conductors were observed repeatedly in some recenmtcipality.

Ex-EF (eV)
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