
Multipeak characteristics of field emission energy distribution from semiconductors

R. Z. Wang,1,2 X. M. Ding,1 K. Xue,4 B. L. Zhao,1 H. Yan,3 and X. Y. Hou1,*
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 distribution(FEED) 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

Since Henderson and Dahlstrom1 first investigated the
field emission energy distribution(FEED) of tungsten using
a retarding potential analyzer, the analysis of FEEDs has
become an important approach to address the origination of
field emission. Metals were studied intensively both experi-
mentally and theoretically due to their simplicity;2–5 a single
FEED peak is usually observed. In 1966, Swanson and
Crouser4 observed for the first time an anomalous total en-
ergy distribution(TED) with a shoulder from a tungsten field
emitter; in 1992, Binhet al.6 observed clearly well-separated
peaks of FEED from tungsten nanoprotrusion tips. For
FEEDs of semiconductors, Stratton7 presented a detailed
theory in 1964; however, there were few experimental re-
ports of FEED from semiconductor films until the 1990’s.
Recently, due to outstanding field emission properties of
wide bandgap semiconductor(WBGS) films,8 FEEDs from
semiconductors have attracted much attention.9–15Thin films
of WBGS’s such as diamond9,13–15 and cubic boron nitride
(c-BN)12–14 have been intensively studied. The FEEDs of
these materials generally showed the existence of a single
FEED peak. Very recently, an additional FEED peak in
higher field intensity was reported for WBGS’s: Chenet al.10

observed repeatedly the two-peak feature of the FEED from
amorphous carbon nitride films, and Collazoet al.11 found a
two-component energy distribution characteristic of field
emission from AlN films under higher fields. In fact, a little
earlier, Gröninget al.9 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-
tion it in their work. These experimental results showed
FEED multipeak characteristics from semiconductors in high
fields should be intrinsic. Nevertheless, to the best of our
knowledge, no thorough theoretical investigations have been

reported on the FEED multipeak effect from semiconductors.
For the FEED multipeak behavior of metal, only Nagy and
Cutler5 calculated the anomalous TED4 from tungsten based
on Stratton’s theory.7 Because of oversimplification of the
band structure model used in their calculation, the results
exhibited observable discrepancies in both the shape and the
position of the second peak from those experimentally ob-
served. Binhet al.6 pointed out previously that the simplified
band structure model could not even explain the experimen-
tally observed enhancement of the first peak of FEED with
increasing field. Further theoretical investigation on the phe-
nomena is obviously needed.

In this paper, by taking into consideration the overall field
effect on the band structure and on the surface potential bar-
rier, we put forward a resonant tunneling model to describe
the multipeak characteristics of FEEDs from semiconduc-
tors. Our calculations show that a distinct two-peak charac-
teristic of FEEDs is inevitable with increasing field intensity,
in good agreement with experimental results.10,11 Moreover,
the calculated results show that, besides the field intensity, a
low or negative electron affinity is also a key factor to the
appearance of the FEED multipeak charactersitics. Also
taken into consideration in our calculations is the effect of
doping on the FEED characteristics, and the results show
that heavy doping will lead to the multipeak characteristics;
even more than two peaks may appear in the FEED of a very
heavily doped semiconductor.

II. THEORETICAL MODEL

To emphasize the physics behind and to simplify the
numerical calculation process, we focus on not the total
energy distribution, but on the normal energy distribution
and separate the supply functions and the transmission
coefficient.
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The field emission in a semiconductor can be expressed
as16

J =
4pqmtkBT

h3 E TsExdlnf1 + e−sEx−EFd/kBTgdEx =E JsExddEx,

s1d

whereq is the unit charge,mt is the electron transverse mass,
kB is Boltzmann’s constant,Ex=Px

2/2m is the normal energy,
T the temperature,h is Plank’s constant, andEF is the Fermi
energy.JsExd is the expression of normal-energy distribution
written as

JsExd =
4pqmtkBT

h3 · lnf1 + e−sEx−EFd/kBTg ·TsExd. s2d

Equation(2) is made up of the transmission coefficientTsExd
and the supply function. Transmission coefficientTsExd can
be calculated by the transfer matrix(TM) method17,18 based
on the analytical solution of Schrödinger equation with a
linear potential, and the solution can be expressed as a linear
combination of the Airy function or other wave functions. In
this method, an arbitrary potential barrier can be divided into
square segments that can be treated as linear barriers. Com-
pared with the Wentzel-Kramers-Brillioun(WKB) method,
the TM method is based on an accurate solution of
Schrödinger equation, so that the results are much closer to
the realistic depiction of the tunneling process during field
emission.

In our calculations,mt andEF are treated as experimental
fitting parameters, set by the specific semiconductor band
structure. Thus, the detailed band structures can be simplified
as only the density of occupied states needs to be considered
in computing the supply function. However, band bending
in high fields should be considered, because the maximum
value of the band bending, which is almost in linear
proportion to the bandgap of WBGS’s, may be as high as
several electron volts.19 One should also consider that
carriers in semiconductors may form a space charge region
under high fields, which can be best described by Poisson’s
equation as

d2fsxd
dx2 =

e

««0
rsxd. s3d

Here,fsxd andrsxd denote, respectively, the potential energy
and the total volume charge density at the place with distance
x from the semiconductor-vacuum interface, and«0 and« are
the vacuum permittivity and the semiconductor dielectric
constant, respectively. Assumingw=f /kT, rswd can be
given as

rswd = efnpswd − ncswd − sNa
− − Nd

+dg, s4d

wherencswd is the electron concentration in the conduction
band,npswd is the hole concentration in the valence band,
and Na

− and Nd
+ are the ionized accepter and donor concen-

trations, respectively. When an external field is applied, by
assuming constant density of states model,ncswd and npswd
can be obtained by

ncswd = 2
s2pmn

*kTd3/2

h3 expS−
Ec − EF

kT
− wD , s5d

npswd = 2
s2pmp

*kTd3/2

h3 expSEv − EF

kT
+ wD , s6d

Na
− − Nd

+ > 2ni sinhswBd, wB =
EF − EFi

kT
, s7d

wherek is Boltzmann’s constant,h is Planck’s constant,mn
*

andmp
* are, respectively, the effective masses of electron and

hole, EF and EFi are, respectively, Fermi and quasi-Fermi
energies,ni is the intrinsic carrier concentration,Ec is the
minimum of the conduction band, andEv is the maximum of
the valence band. The intrinsic carrier concentration is given
by

ni = 2S2pkT

h2 D3/2

smn
*mp

* d3/4e−Eg/2kT, s8d

where Eg is the bandgapsEg=Ec−Evd. Combining Eqs.
(4)–(8) with (3), one can obtain

E
0

−x1

dx

d
=E

ws

w

dw

fsw,wBd
. s9d

Here,wS=sfS−fBd /kT, fs is the band bending at the inter-
face sx=0d, df=s««0kT/2nie

2d1/2g is known as the Debye
screening length, andfsw ,wBd can be expressed by

fsw,wBd = Uddw

dx
U

w

= _E
wB

w HFSmp
*

mn
* D3/4

expSEv − EF

kT
+ wD

− Smn
*

mp
* D3/4

expS−
Ec − EF

kT
− wDG

− 2 sinhswBdJdw+
1/2

= hafexpswd − expswBdg − bfexps− wBd

− exps− wdg − 2 sinhswBdsw − wBdj1/2, s10d

where

a = Smp
*

mn
* D3/4

expSEv − EF

kT
D , s11d

b = Smn
*

mp
* D3/4

expS−
Ec − EF

kT
D . s12d

Thus, the potential shape in the space charge region can be
derived numerically from Eq.(9) and the interface electric
field ES can be obtained from
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ES=
df

edx
=

kT

ed
Uddw

dx
U

wS

=
kT

ed
fswS,wBd. s13d

Compared with Tsong’s model,20 the function fsws,wBd
is calculated in a much simpler way in that only the
basic data ofmn

* and mp
* are needed, which can easily

be obtained for both intrinsic and doped semiconductors.
In addition, the band bending can be easily obtained
from fsws,wBd.

In the TM method for computingTsExd, potential barrier
shape is a key parameter affecting the transmission coeffi-
cient dramatically, so we considered a more complicated and
realistic image potential:21

VSszd =
q2

16p«S
o
n=0

`

sbb8dnF b

ns− z
−

b8

sn + 1ds− z
G , s14d

wheres is the vacuum gap,q is unit charge,«s is dielectric
permittivity of the semiconductor,«0 is the permittivity of
vacuum, b=s«S−«0d / s«S+«0d, and b8=1 for a metal-
vacuum-semiconductor junction. We base our calculation on
the sandwiched model with a vacuum between the semicon-
ductor cathode and the metal anode. However, since the im-
age potential in the form of Eq.(14) does not include the
field penetration, it is not proper concerning the interfaces,
whereVsszd tends to be negative infinite. To be more realis-
tic, the image potential shifting should be considered.22 Thus,
we re-form Eq.(14) by adding the shift lengthsr1 andr2 into
the semiconductor and the metal, respectively. Equation(14)
can then be rewritten as

VSszd =
q2

16p«S
o
n=0

`

sbb8d2n+1F b

s2n + 1ds− z+ r1

−
b8

s2n + 2ds− z− r2
G

+
q2

16p«S
o
n=0

`

sbb8d2nF b

2ns− z− r1

−
b8

s2n + 1ds− z+ r2
G . s15d

Since the shift length decreases with increasing surface
charge density22 and the surface charge density in the metal
is larger than that in the semiconductor, we assumer1
=1.2 a.u. andr2=1.6 a.u. based on reported data(See Ref.
22, 1 a.u.=0.529 Å).

Figure 1 is the potential distribution of c-BN with the
band bending and the effective image potential taken into
consideration, whereEg and electron affinity are chosen to be
6.5 and −0.3 eV, respectively.19 Other parameters are the
same as in our previous work.19

III. RESULTS AND DISCUSSION

As an example, we present here the calculated FEED of
c-BN. The reason for selecting c-BN lies in its superior prop-
erties as an excellent field emitter,23 such as chemical and

thermal stability, and its behavior as a typical WBGS. In the
reported experimental results of semiconductors,10–12 only
WBGS’s show the multipeak behavior in FEED.

A. FEED versus field strength

Figure 2 shows the multipeak FEED calculated for c-BN.
In the calculations, we kept a constant distance of 3 nm be-
tween the anode and the cathode and varied the applied volt-
age to study the dependence of FEED on the electric field.
The adoption of a constant cathode-anode distance was for
ease in modeling the system. FEEDs measured from a real
sample configuration, in which the vacuum gap could be
much larger than 3 nm, may deviate from those shown in the
figure to some extent. However, the main features, such as
the number of the peaks, of the calculated and measured
curves should principally the same if the same field intensity
is kept in the two cases. In our calculations, the field inten-
sity varied from 0.67 to 2.0 V/nm, which matches the real
systems well: the field intensity in a real system may even be
higher than 2 V/nm when the geometric electric field en-
hancement is taken into consideration.

One may notice in the figure that the multipeak behavior
becomes more obvious in increased fields, which is in good
agreement with the experimental results.10,12With a low field
applied, only one peak appears as shown in the inset of Fig.

FIG. 1. Energy band diagram of the c-BN/vacuum/metal
structure with a voltage of 5 V applied between c-BN and metal,
where Ec8 and Ec are the conduction band minimum without and
with the field applied, respectively, andEv is the valence band
maximum.

FIG. 2. FEEDS of c-BN at different applied voltages, with the
vacuum gap kept constant at 3 nm.
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2; when in increased fields, a second peak becomes pro-
nounced, with its position shifting toward the lower energy
side. Such a behavior coincides with what was previously
found for metals. Binhet al.24 observed experimentally that
the well-separated peaks of FEED occurred only in the case
of nanoprotrusion tips with localizing enough high field in-
tensity. They showed an evolution of the TED’s versus pro-
trusion height on the same base tip. As the height of the
protrusion increased, i.e., the localized field over the protru-
sion apex increased, emergence of the second FEED peak
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
intensity, and got a similar behavior of FEED, as shown in
Fig. 3. Based on these observations, we propose that the field
intensity is a key factor for the multipeak characteristic of
FEED.

B. Negative electron affinity (NEA) effects

By maintaining other parameters constant and changing
only the electron affinity, we studied NEA’s effects on FEED
of c-BN. In Fig. 4, with the electron affinity decreased, a
second peak of FEED appears and gets stronger. It is obvious
that the negative electron affinity is also an important factor
to affect the multipeak behavior. Experimental results also
proved this, for multipeak characteristic of FEED could be
found in some WBGS’s with NEA.10–12

C. Doping effects

In addition to the field intensity itself, doping may affect
field emission properties for some semiconductors. To get a

more completed understanding of multipeak behavior in
FEED, it should be interesting to examine the effect of dop-
ing on multipeaks of FEED. In Fig. 5, we show the calcu-
lated FEED of c-BN for differentn doping. The results show
that the number of the peaks of FEED increases when the
doping concentration is increased. Unlike previous work, our
study shows that there may be more than two peaks of FEED
in the case of heavyn doping. Further experimental support
is obviously needed.

D. Mechanism of FEED multipeak formation

In previous theoretical researches on the FEEDs of
semiconductors,7,25 the phenomena of the multipeak FEED
were not observed theoretically. This might be due to two
reasons: first, the transmission coefficient was probably ob-
tained with the WKB methods,7 which made the resonance
of the transmission coefficient disappear inadequately;26 sec-
ond, the applied fields might not be high enough or the elec-
tron affinity might not be low enough.25

In order to understand the physics of the multipeak char-
acteristic of FEED, one should focus on the process of elec-
tron tunneling in field emission from semiconductors. In our
calculations, all the effects intrinsic to the band structure of
the semiconductor were ignored, so the FEED calculated
could only be attributed to electrons tunneling through the
surface potential barrier under high fields. In other words, the
multipeak characteristic of the FEED may root in resonant
tunneling through a single-barrier(see Fig. 1). It may origi-
nate from interference of incident and reflected electron
waves at the surface potential barrier interface.26 Plotting the
field emission current making up of the supply function and

FIG. 6. Illustration of the FEED multipeak characteristics by
separating Eq.(2).

FIG. 3. FEEDS of c-BN at different vacuum gaps, with the
applied voltage kept constant at 5 V.

FIG. 4. FEEDs of c-BN at different electron affinities, with the
applied voltage of 5 V and the vacuum gap of 3 nm.

FIG. 5. FEEDs of c-BN at differentn-doping concentrations,
with the applied voltage of 5 V and the vacuum gap of 3 nm.
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the transmission coefficient based on Eq.(2), we can under-
stand clearly the substance of the multipeak characteristic of
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
where the supply function exaggeratedly decreases. The
resonant peak of transmission disappears for negligible sup-
ply function contributions on the high energy side. As the
field intensity is changed, it can be seen easily in Fig. 6 that
the magnitude of the second peak of the FEED rests with the
strength of the resonant peak of transmission coefficient on
the low energy side. This means that the appearance of the
multipeak characteristic of the FEED may originate from
resonant tunneling through the surface potential barrier. On
the other hand, the oscillatory behavior of the tunneling co-
efficient is also presumed to be due to resonance through the
virtual states above the barrier;27 it also indicated that there
may be multipeak characteristics of the FEED in the semi-
conductors with NEA.

Figure 7 shows the multipeak characteristic of FEEDs
with differentn doping levels. As then-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
peaks.

The multipeak characteristics of the FEEDs from semi-
conductors were observed repeatedly in some recent

experiments.10–12 However, only a single FEED peak was
observed in the previous theory.7,25 To explain this phenom-
enon, Chenet al.10 assumed that the small peaks might origi-
nate from the interband states due to defects or doping in
semiconductor films, while Collazoet al.11 thought that the
intervalley scattering was evidenced by a multicomponent
energy distribution featuring a second peak at the energy
position of the first satellite valley under high fields. How-
ever, neither interband states nor intervalley scattering is
taken into consideration in our model, but the multipeak
characteristics of FEEDs in semiconductors can be still ob-
tained. Based on our results, the multipeaks of the FEEDs of
semiconductors may originate from electron resonant tunnel-
ing through the surface potential barrier under the high field
intensity.

IV. CONCLUSIONS

We adopt a resonant tunneling model to theoretically
study multipeak characteristics of the FEEDs of semiconduc-
tors. It is shown that electric field combined with NEA and
doping level have strong effects on the property of multipeak
behavior. Upon increasing the applied field, the second peak
will appear and shift to the lower energy side, while a de-
crease in NEA or an increase in doping may lead to similar
effects.

From our calculation, the origin of multipeaks may come
from electron resonant tunneling through the surface poten-
tial barrier, since electric field, electron affinity, and doping
level determine the potential barrier, and these factors have a
strong effect on the resonant tunneling process, leading to the
FEED multipeak characteristics.
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