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Materials with lowwork function values (b2 eV) are highly in demand for low temperature thermionic electron
emission, which is a key phenomenon for waste heat recovery applications. Here we present the work function
reduction of phosphorus (P) doped (i) diamond nanocrystals grown on conical carbon nanotubes (CCNTs) and
(ii) diamond films grown on silicon substrates. Thermionic emission measurements from phosphorus doped
diamond crystals on CCNTs resulted in awork function value of 2.23 eV. The CCNTs provide the conducting back-
bone for the P-doped diamond nanocrystals and the reducedwork-function is interpreted as due to the presence
ofmidband-gap state and no evidence for negative electron affinitywas seen. However, ultraviolet photoelectron
spectroscopy studies on phosphorus doped diamond films yielded a work function value of ~1.8 eV with a
negative electron affinity (NEA) value of 1.2 eV. Detailed band diagrams are presented to support the observed
values for both cases.

© 2014 Published by Elsevier B.V.
1. Introduction

Diamondwith its exceptional physical and electronic properties is of
great interest for scientific and technological reasons. Unique features of
diamond include high carrier mobility, high thermal conductivity, high
saturation velocity, high breakdown electric field, high elastic modulus,
high mechanical hardness, low coefficient of thermal expansion, wide
band-gap, low coefficient of friction, and high resistance to harsh
environments including radiation, chemicals, and corrosion. Owing to
these excellent properties diamond is expected to be a promising candi-
date for applications including high-power and high-frequency devices,
electron emission and light emitting diodes [1]. Moreover diamond
growth using chemical vapor deposition technique exhibits negative
electron affinity (NEA) i.e., the presence of a vacuum level below the
conduction bandminimumdue to hydrogen termination on the surface.
This can ease the emission of electrons coming from the conduction
band overcoming the small energy barrier that results from the reduced
and Astronomy, University of
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work function [2]. Experimental studies revealed that depending on the
orientation of the diamond surface (hydrogenated byplasma), the value
of NEA varies from−0.7 eV to−1.3 eV [3] in comparison to oxygen ter-
minated diamond surfaces with a value of positive electron affinity
ranging from 0.54 eV to 1.7 eV and to clean diamond surfaces with
χ= 0.38–0.70 eV [3,4]. TogetherwithNEA and high thermal conductiv-
ity, diamond finds great potential in thermionic energy conversion of
waste heat directly into electricity [2], which is the central motivation
for this work.

In addition to the presence of a NEA, it was presumed that the work
function of diamond could be further lowered by appropriate n type
doping to bring the Fermi level (EF) closer to the conduction bandmin-
imum (CBM). We need to note that experimental study of the work
function of the nitrogen doped single crystalline diamond and n type
diamond films showed that the situation is more complex and, due to
band bending at the surface, reduction of the work function wasn't ob-
served at all or was less effective than expected. Though p-type doping
into diamondwith boron (B) has beenwidely studied, it is known to in-
troduce an acceptor level (0.37 eV) above the valance band maximum
[5]. However, n-type doping into diamond is limited and has been
very challenging due to lack of or no incorporation of dopants into
bulk diamond lattice. Several n-type dopants such as nitrogen (N),
phosphorus (P), and sulfur (S) have been studied earlier [6]. Nitrogen
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has been shown to create deep donor levels at 1.7 eV below the bottom
of the conduction band due to its structural distortion in diamond
lattice. Consequently, N-doped diamond does not yield room tempera-
ture conductivity, further limiting its electronic feasibility [7]. Moreover
it has been reported that the n-type conductivity of N doped polycrys-
talline/ultra-nanocrystalline diamond (UNCD) films could be attributed
to nitrogen incorporation into grain boundaries (possibly an enhanced
conductivity through interconnected shells of grain boundaries) [7].
Though theoretical modeling of sulfur (S) doping into diamond has
not been reported to exhibit shallow donor levels, the type of donor
level (shallow or deep) created by S is still a controversy [6]. Co-
doping of sulfur and boron has shown to exhibit n-type conductivity,
but no significant reduction in the work function has been observed
[8].

Doping with phosphorus into single crystalline diamond (111)
is known to create a shallow donor level 0.6 eV below the CBM [9].
It is also predicted that in P-doped diamond (polycrystalline or
homoepitaxial) films at the back contact (diamond/cathode metal),
electrons can be easily extracted due to the presence of ionized donors
in the space charge region [10] and due to the creation of defects during
P incorporation, which in turn eases the movement of electrons to be
extracted [11]. However, the following factors have limited the success
of controlled doping of phosphorus into the diamond lattice to any sat-
isfactory level. First, the size of the P atom is larger than carbon, some
native defects and structural displacement will accompany during
phosphorus incorporation (latticemismatch and covalent bond length).
Second, P incorporation is more favorable on the (111) surface com-
pared to the (100) surface [11]. Nevertheless, considerable progress in
phosphorus doped n-type diamond has been reported on (111) and
(001) orientations [9,12–14] alongwith a recent study on (100) orient-
ed single crystal diamond [12] using gas phase source of phosphorus.
Recently, the growth and incorporation efficiency of phosphorus as a
function of surface orientation of grains in [110]-textured polycrystal-
line CVD diamond have been reported [15]. Growth of phosphorus
doped polycrystalline diamond films on silicon substrates has also
been reported using gas phase (as dopant phosphine PH3) [16] and or-
ganic precursors in the case of single crystalline homoepitaxial P doped
films grown on diamond [17]. However, thermionic emission or work
function measurements have not been performed in most of these
materials.

Someof the investigations based on thermionic emission fromnitro-
gen doped homoepitaxial diamond [18], nanocrystalline diamond [19]
and ultrananocrystalline diamond [20] films have resulted in observed
work functions as low as 1.3 eV. In other instance, thermionic emission
energy distribution (TEED) results on undoped diamond films have
been shown to exhibit awork function value of 3.3 eV [21]. Awork func-
tion value as low as 0.9 eV has been observed for the phosphorus doped
diamond film [22]. Some of the surface modifications/coatings have
been reported to lower the work function values of diamond [23–28].
However, thermal stability of these surfaces has been either not tested
or unsatisfactory toward the thermionic emission. Hence, the search
for the proper material with required work function values is still
ongoing.

Toward this goal, here we address the challenge of obtaining n-type
conductivity in diamond through doping of individual diamond micro-
crystals wherein increased surface area can be expected to exhibit
very interesting overall conductivity values owing to size effects.
Such studies can accurately be performed using appropriate architec-
ture that allows the synthesis of individual diamond crystals. Here,
we have synthesized a new architecture consisting of diamond
nanocrystals grown on the tips of conical carbon nanotube (CCNT)
array [29,30] and studied the thermionic emission properties. CCNT
backbone is expected to provide conducting pathways for diamond
crystals. Hence, vertically grown CCNTs allow the synthesis of diamond
crystals with increased surface area as well as serve as efficient
conducting channels. In addition, work function of undoped and
phosphorus doped diamond films was also studied using ultraviolet
photospectroscopy (UPS) for comparison.
2. Experimental

2.1. Synthesis of the diamond crystals supported by CCNTs and diamond
films on Si substrates

CCNTs coated with diamond crystals were grown using an AsTeX
5010microwave plasma reactor (1.5 kW). The CCNT arrays synthesized
on graphite foils [30,31] were used as the substrate for nucleation and
growth of diamond crystals. These foil substrates were pretreated in
an ultrasonic diamond solution bath (0–1 micron powder in acetone
solution) for a few seconds followed by cleaning with acetone. The
foils were then immersed vertically into the plasma as shown in
Fig. 1(a) for the growth of diamond, similar to the growth of CCNT
arrays [31] except that the height of the foil substrates in this case was
lowered toward the diamond growing regime inside the reactor. Di-
tertiary butyl phosphine was used as the liquid source for the phospho-
rus doping. The schematic of the bubbler set-upwas shown in Fig. 1(b).
Hydrogen was used as a carrier gas for the doping precursor.

Depositions were performed at a microwave power of 900–1000W
and pressures of 30–50 Torr with 0.2–1.5%methane in hydrogen with a
total flow rate of 200 sccm. The phosphorus concentration was varied
from 8000 to 30,000 ppm (with vapor pressure of Di-TBP being mea-
sured as 1.7 Torr), varying the bubbler pressure and carrier gas (hydro-
gen) flow rate. The estimated phosphorous/carbon ratio during growth
is 0.001–0.004. The duration of the experiments lasted from 12 min to
1 h. The carrier gas (H2) flow rate of 4–15 sccmwas usedwith a bubbler
pressure of 720 Torr.

Undoped diamond films were grown on silicon wafers pretreated in
an ultrasonic diamond solution bath mentioned above. The growth
experiments were conducted under the following conditions: 3–5%
methane in hydrogen (200 sccm) at 60 Torr and 1450 W microwave
power and the sample stage at a temperature of 650 °C for about 10 h.
P-doping of these diamond films were performed using the same dop-
ant source as above. The conditions include 0.2% methane in hydrogen
(200 sccm) at 980 W microwave power and 50 Torr pressure. The
carrier gas (hydrogen) flow rate of 4 sccm is used while maintaining
thebubbler pressure at 460 Torr for about 9 h. The phosphorous concen-
tration was 28,500 ppm and the estimated phosphorous/carbon ratio is
0.005.
2.2. Thermionic emission measurements

Thermionic emission measurements were performed on each
sample in a vacuum chamber with base pressures of ~8 × 10−8 Torr
and 10−6 Torr at room temperature and 1000 °C respectively. The
conducting graphite foil with synthesized CCNTs (or CCNTs with dia-
mond) was placed on a ceramic plate (boron nitride) supported on a
pyrolitic boron nitride (PBN) heater. A conducting molybdenum wire
was attached mechanically to the graphite foil so that the wire and
the foil act as the cathode. A molybdenum anode was arranged over
the sample and attached to the micromanipulator (Fig. 1(c)). The
anode had a shape of the cylinder where the base is facing the sample.
The diameter of the anode is 7 mm. Zero distance (d = 0) between
cathode (sample) and anode was established by observing a sudden
electrical shortwhen the anode just touched the sample.Measurements
were performed at a set distance d for different temperatures by sweep-
ing the voltage U from 0 to 500 V while recording the current I using a
pico-ammeter (Keithley 6487) equippedwith a built-in variable voltage
source. A PBN heater was connected to a separate power supply. Tem-
peraturewasmeasured using an infrared pyrometer (RaytekMA2SCCF;
infrared; single color; spectral response: 1.6 μm).



Fig. 1. Experimental set-up for (a) growth of diamond crystals on CCNT arrays, (b) bubbler set-up for phosphorus doping, and (c) thermionic emission measurement set-up.
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2.3. Ultraviolet photoelectron spectroscopy

Here, a multi chamber ultra-high vacuum (UHV) surface science fa-
cility (VG Scientific/RHK Technology) comprising of a 150 mm radius
CLAM 4 hemispherical analyzer was used. The base pressure of the
chamber was in the 10−9 Torr range. A differentially pumped He-
discharge lamp was used as the UV radiation source. The samples for
this type of measurement typically have the active material in proper
electrical contact with a gold film sputtered on copper foil to equilibrate
the Fermi levels (EF). For that reason, a part of the copper foil sputtered
Fig. 2.UPS spectra of gold film showing Fermi level positions at (a) 21.23 eV for He I and (b) 40
with gold was used as the sample and the other half was used for
acquiring the reference gold spectra. Double sided copper tape was
used to make the electrical contact between silicon substrates with
diamond films and the underlining gold film on copper foil. The mea-
surements were performed using He-I (21.23 eV) and He-II (40.81 eV)
UV excitations. A stable bias was provided to avoid the instrumental
cutoff in the lens system of the analyzer at low kinetic energy (KE) for
all theUPS spectrameasurements. The external biaswas taken into con-
sideration in order to shift the spectra back to a zero-bias position
through post acquisition data processing. The calibration of the UPS
.83 eV for He II radiations. Insets showmagnified part of the UPS spectra with Fermi edge.

image of Fig.�1
image of Fig.�2


Fig. 4. Secondary ion mass spectroscopy (SIMS) depth profile of phosphorus in P-doped
diamond crystals on conical carbon nanotubes. Vertical axis represents an approximate
concentration.
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spectrometer was performed bymeasuring the absolute position of the
Fermi level of the gold sample usingHe-I. A spectrum,measured using a
negative bias of 4.9 eV, is shown in Fig. 2(a) resulting in an EF value of
21.23 eV that is in good agreement with the expected value. Similarly,
the He-II spectrum (Fig. 2(b)) shows a Fermi level value of 40.83 eV,
which also agrees with the literature value [32]. As the active sample
is in electrical contact with the reference gold film, the sample also
has the same Fermi level as the gold. The work function of the material
is then determined from the intersection of the low-KE cut-off tail with
the background level.

3. Results and discussion

3.1. CCNTs coated with diamond crystals

Fig. 3 shows the SEM images of bare CCNTs, CCNTs coated with
undoped diamond crystals, and CCNTs coated with P-doped diamond
crystals. The size of the undoped and P-doped diamond crystals is in
the range of 1–2 μm. The presence of phosphorus in the diamond crys-
tals was confirmed by secondary ion mass spectroscopy (SIMS) as
shown in Fig. 4, but the quantitative value cannot be reported reliably
owing to the rough analytical surface. Note that the very rough analyti-
cal surface results in a uniform P concentration at larger depths rather
than a P tail off presumably due to the increase in roughness exposing
more of the nanotubes during the profiling.

The role of the resistivity of the substrate can be mostly ruled out,
due to the presence of the conducting substrate (graphite foil) and
conducting underlying structures (CCNTs) for the diamond emitters.
This is advantageous for the emission applications where the resistivity
of the substrate plays an important role on the values of emission
currents. Even though the resistivity of the molybdenum substrate is
lower compared to the silicon substrate, in the present case this
problem can be completely eliminated.

3.2. Thermionic emission and work function determination

The work function was calculated using the Richard–Dushman
formula [33,34]

J0 ¼ AT2e−
Φ
kTð Þ ð1Þ

which describes the temperature dependence of the zero field current
density J0 on the temperature T where Φ is the work function of a
given material and k is the Boltzmann constant. Constant A can
be expressed by the equation A = λB ⋅ λR ⋅ A0[35] where A0 is the
Fig. 3. Scanning electron microscope (SEM) images of individual a) as synthesized C
Richardson constant and λR and λB are the material-specific correction
factors. Thus, the value of constant A could significantly vary from the
value of the Richardson constant A0 [36].

Zero field thermionic emission current density J0 could be calculated
from the formula that describes the Schottky effect [33,34]

J ¼ J0e
− C

ffiffi
E

p
kT

� �

where C ¼
ffiffiffiffiffiffiffiffi
e3

4πε0

q
; ε0 is an electric constant. E is the electric field on the

cathode (sample's) surface and can be expressed by a voltage drop be-
tween the anode and cathode U, as E = αU. The constant α depends on
the geometry of the cathode structure [36]. Thus, by rearranging and
re-plotting the thermionic I–U characteristic (Fig. 5(a)) curves as Ln(I)
vs

ffiffiffiffi
U

p
(Fig. 5(b)), the value of zero field current I0 can be extracted for

each temperature. The temperature dependence of the zero field current
I0 is plotted in Fig. 5(c), which follows the Richardson–Dushman model.
Hence the plot of ln I0

T2

� �
vs. 1 / T should result in a straight line

(Fig. 5(d)) with the slope being ϕ / kT. For doped diamond supported
onCCNTs awork function value of ~2.23 eVwas obtained by this analysis.

Using the same method, we obtained work function values
for bare CCNTs [31] and CCNT coated with undoped diamond. I–U
and Ln(I)–U1/2 curves for bare CCNTs (Fig. 6(a) and (b)) and CCNTs
CNT, b) undoped diamond coated CCNT and c) P-doped diamond coated CCNT.

image of Fig.�3
image of Fig.�4


Fig. 5. P doped diamond crystals on CCNTs: (a) thermionic I–V characteristics for different temperatures, (b) Ln(I) vsU1/2, (c) Richardson–Dushman curve, (d) linearfit of the experimental

points — ln J0
T2

� �
vs 1

T.
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with undoped diamond (Fig. 6(c) and (d)) are presented at varying
temperatures.

Fig. 7 summarizes the analysis of the Richardson–Dushman formal-
ism for all three samples. The work function values obtained for bare
CCNTs, undoped diamond coated CCNTs and P-doped diamond coated
CCNT are 4.1 eV [31], 4.26 eV and 2.23 eV respectively. The temperature
(1053 K) at which we were able to observe emission current in the case
of P-doped diamond is lower than those for the other two samples,which
could be attributed to its lower work function value. Considering the dia-
mond crystals at the tips being the emitting area, the experimental value
of the emission constant A is 0.14 A/cm2 K. Themaximum obtained value
of current density is 575 μA/cm2 at a temperature of 1303 K (1030 °C).

It is clearly evident that phosphorus doped diamond has a signifi-
cantly lower work function value compared to bare CCNT arrays and
undoped diamond coated CCNT arrays. However, the reported value of
the work function for P doped diamond film obtained by thermionic
emission method – 0.9 eV [22] – is significantly lower than ours. The
main reason for the higher value of work function for the CCNTs coated
with P doped diamond is the loss of NEA during the measurements at
high temperatures. Previous studies have shown that NEA is lost in
the temperature range of 700 °C–900 °C [21,37,38]. Theminimum tem-
perature at which we were able to measure field enhanced thermionic
emission current was about 780 °C for the P doped diamond sample.
Thus reduction of the work function is attributed most probably only
to the raising of the Fermi level closer to the conduction band from
donor states of phosphorus. However in order to obtain a clearer
picture, further assumptions needed to be made.
Previous studies have shown that highly P doped diamond (face
(111)) has upward band bending of 3 eV toward the surface [14]. The
main factor causing such large value was the position of the surface
EFs, found to be 1.9 eV and 1.6 eV from the valence band maximum at
the surface (VBMs) for H terminated and O terminated surfaces respec-
tively of P doped diamond, which is lower than the bulk EF situated
0.6 eV below the CBM. Surface EFs position is determined by the charac-
teristic surface states, which depend on the amount and nature of the
surface defects. It was inferred that diamond surface defects have a
graphitic nature with a charge neutrality point (CNP) estimated to be
1.4 eV above the VBM [14,39].

Depending on the type of doping, surface Fermi level can be shifted
relatively to CNP. Thus the mechanism of upward bending toward the
surface for P doped diamond (in general n type) was explained qualita-
tively as the surface EFs shifting and pinning caused by surface defects in
the form of graphitic patches or sp2 bonded carbon atoms [14,39]. SEM
images show highly defective surfaces of diamond crystals grown on
CCNTs. We can apply this mechanism of band bending in our case
(diamond on CCNTs and diamond film) under the assumption that the
approximate position of the surface EFs for P doped diamond is ~1.8–
2.0 eV above the VBM.

Fig. 8 shows the band diagrams of the diamond surface constructed
in order to explain the possible scenarios according to the measured
values of work functions of the diamond coated CCNTs. For that
purpose, in addition to the position of the Fermi level, the values of
the positive electron affinity (PEA) and the band bending η needed to
be known. It has been reported that the donor level for P in diamond

image of Fig.�5


Fig. 6. Thermionic I–V characteristics and Ln(I) vs U1/2 plots for: (a, b) bare CCNTs [37] and (c, d) CCNTs with undoped diamond.
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is 0.6 eV below the CBM in the bulk [9]. The value of PEA for clean dia-
mond surfaces has been reported to be about 0.38–0.7 eV [3,4] for a
nod doped diamondwhile the band gap (ΔE) is ~5.5 eV. Undoped poly-
crystalline diamond films have p type properties with the bulk EF lying
~1 eV above the VBM [21].

We propose three possible scenarios which result in the obtained
value of work function for P doped diamond grown on CCNT stems:
Fig. 7. Thermionic emission data (dots) and data-fit (line) to Richardson–Dushman equation fr
(black) and CCNT coatedwith phosphorus doped diamond (blue). (For interpretation of the refe
first is the pinning of the bulk Fermi level to the surface Fermi level
and resulting in band bending. The second case could be considered a
combination of the pinning and the presence of the midband-gap
(MBG) state originating from defects (due to doping and morphology
of the individual diamond crystals) (Fig. 8) [21]. Finally, the third possi-
bility (regarding only P doped diamond coated CCNTs) is that the pres-
ence of the defects and impurities could cause lowering of the bulk
om thermionic emitters based on bare CCNTs (red), CCNT coated with undoped diamond
rences to color in thisfigure legend, the reader is referred to theweb version of this article.)
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Fermi level. As an additional effect— surface states could be compensat-
ed by the donors and defects. Based on the band diagrams, we can give a
more detailed description of the possible cases of P doped diamond on
CCNTs which can result in such values of work function:

(i) There are no midband-gap states (or it's overlapping with
the Fermi level), which results probably in a lower value of up-
ward band bending η = 1.63 − χ than it was reported for P
doped diamond. The position of the surface Fermi level EFs
below the conduction band minimum at the surface (CBMs)
(CBMs − EFs = 2.23− χ) would imply a low amount of surface
graphitic defects;

(ii) If we assume the presence of the midband-gap states for CCNTs
coated with P doped diamond crystals we can define energy
difference between MBG and Fermi level at the surface which
depends on the value of the band bending η

EF−MBG ¼ ΔE− EFs−VBMð Þ þ CBM−MBGð Þ½ �
EF−MBG ¼ 5:5− 5:5− 0:6þ ηð Þð Þ þ 2:23−χ½ � ¼ η−χ−1:63 eV

ð1Þ

image of Fig.�8
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and for CCNTs coated with undoped diamond

EF−MBG ¼ ΔE− CBM−MBGð Þ þ EFs−VBMð Þ½ �
EF−MBG ¼ 5:5− 3:88þ 1þ ηð Þ ¼ 0:62 eV−η: ð2Þ

Based on the previous reports about the position of pinned Fermi
level for P doped diamond— if EFs−VBM=1.6 eV; the obtained
value of band bending η would be 3.86 − χ, whereas if EFs −
VBM = 2 eV then η = 2.9 eV.

(iii) Lowering of bulk Fermi level and raising the surface Fermi level
due to the surface (state compensation) would result in weak
band bending. In this situation energy difference would be
expressed as follows

CBM−Ef ¼ 2:23–χ–η: ð3Þ

Considering weak band bending we can write that η → 0 and CBM
− Ef = 2.23− χ. If we assume that the value of electron affinity at the
surface of the doped diamond crystals would be comparable with the
value of the electron affinity of the clean surface of the undoped dia-
mond — 0.38 eV–0.7 eV, we can conclude that the Fermi level could
be situated approximately 1.5–2 eV below the conduction band
minimum.

To complete the picture of the thermionic emissionmechanism from
our hybrid structure, we must address the fact that at lower tempera-
tures (b800 °C) we have not observed sufficiently high values of IFETE
(to be detected) which is the onset of the presence of NEA. We believe
that the main reason is the development of the potential barrier at the
CCNTs and P doped diamond interface due to band bending as shown
in Fig. 9 which is analogous to the case of metal/n-type semiconductor
structures. Considering CCNTs as the conducting channels for diamond,
higher temperatures (N800 °C) are needed to obtain sufficient values of
current across the interface to supply electrons for emission.

3.3. UPS and work function determination of the diamond films

It was demonstrated that UPSmeasurements of diamond could pro-
vide information about electron affinity and surface Fermi level position
[40]. In view of the fact that we didn't observe any evidence for NEA in
the case of CCNTs coated with diamond we turned our attention to P
doped diamond films grown on silicon substrate. Fig. 10 shows the
low kinetic energy part of the He-I emission spectra of (a) undoped
and (b) phosphorous doped films. Both undoped and P-doped diamond
films exhibit two peaks, one for a low KE cut-off and a second high
E
F

Vac
CCNT

CCNT Diamond

0.6 (0.6) eV

4.1- 4.7eV

5.5 eV

Fig. 9. Schematic view of band diagram illustrating the b
intensity peak characteristic of work function and NEA behavior with
electrons coming from CBMs respectively [40]. All the numbers for the
cut-off energy positions are obtained with the extrapolation to zero in-
tensity. In the case of undoped diamond, the value of the effective work
function is given as 3.9 eV and a sharp peak is related to electrons ther-
malized to the bottom of the conduction band and the lower edge of the
sharp peak defines the CBMs position to be 4.4 eV above the surface
Fermi level (CBMs− EFs= 4.4 eV). The lower energy edge of the second
wider peak at 5.1 eV could be related to the midband-gap state (CBMs

− MBG) which will be discussed further. For P-doped diamond, a low
KE cut-off is situated at 1.8 eV and the CBMs position at the surface is sit-
uated at 3 eV giving rise to the same NEA value of 1.2 eV. A work func-
tion value of 4.67 eV obtained for gold film lies in the value range
reported in the literature [32]. Interestingly a work function value of
3.6 eV has been reported for hydrogen terminated phosphorus doped
(111) single crystal diamond [14]. An upward band bending of 3.2 eV
from the simulated surface Fermi level position and the absence of
NEA from the secondary electron spectra were attributed to the large
work function value. Though the presence of the NEA was predicted
theoretically, the reason for the absence could not be evidently articu-
lated [13]. The similar explanation for the lack of NEA peaks in the
UPS spectrum (band bending toward the surface) has been proposed
for N-doped diamond with H terminated surface [40]. However, in the
present case the presence of NEA value of 1.2 eV evident from the UPS
spectra could be attributed to the reducedwork function value detected.

We consider the three most probable scenarios for the P doped
diamond films and one for the undoped diamond film which are all
illustrated in the band diagram (Fig. 11) constructed based on the UPS
results:

(i) If there is midband-gap state (Fig. 11(a)) present, the energy
difference between the MBG and the surface Fermi level for P
doped diamond film and undoped diamond film respectively
would be η− 2.4 eV and η− 0.6 eV. In agreement with previous
assumption, if the Fermi level is at ~2 eV above the VBM, in result
η− 2.4 eV=0.5 eV and the value of η in this case is 2.9 eVwhich
is close to the value 3.2 eV reported by Kono et al. [14]. As for the
undoped diamond films, from the band diagram, we can deter-
mine the position of the surface Fermi level at 1.1 eV above the
VBM. From the equation describing energy difference we know
that EFs − MBG = 0.7 eV and the MBG position is 0.4 eV above
the VBM.

(ii) Upward band bending at the surface and NEA (no midband-gap
states) (Fig. 11(b)). The value of work function is 1.8 eV, the en-
ergy difference at the surface CBMs − EFs = 3 eV. The obtained
EF
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CCNT Diamond

4.1 - 4.7eV

5.5 eV

and bending at the interface of CCNTs and diamond.
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Fig. 10. Low kinetic-energy part of the He-I (21.23 eV) spectra of (a) undoped diamond film; (b) phosphorus doped diamond film. Spectra of the undoped diamond film show low kinetic
cut-off energy positions indicative of effectivework function, sharppeak related to thermalized electron states and a high intensity cut-off position of conduction bandminimumdue to the
presence of NEA andMBG state. Spectra of the P doped diamond film has no thermalized electron sharp peak but has visible KE cut-off of eff. work function and NEA high intensity cut-off.
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upward band bending value is 2.4 eV which is higher than that
for P doped crystals on CCNTs. For the undoped diamond film,
the value of the upward band bending is ~0.6 eV where the
work function value is 3.9 eV and the energy difference CBMs

− EFs = 5.1 eV.
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Fig. 11. Surface energy band diagrams for P doped and undoped diamond films grown on Si/SiO
diamond films; (b) nomidband-gap state for P doped diamond film; (c) nomidband-gap state
diamondwas obtained from the equation EF−MBG= (EF− VBM)− [ΔE− (CBM− MBG)]. D
of energies are obtained from UPS measurements. The short dashed line denotes conduction ba
line denotes the Fermi level and midband-gap state (MBG).
(iii) In the third scenario, we could again assume that the bulk Fermi
level is significantly lower and the surface Femi level is higher in
the band gap. In consequence there is no or very weak band
bending. Based on the UPS data the Fermi level in this case
would be 3 eVbelow the CBM thus indicating the p type property
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of the diamond film in the bulk. We did perform thermionic
emission measurements from P doped nanocrystalline diamond
film (with hydrogenated surface) grown on W foil (Appendix
A, Fig. 12) and found that the value of effective work function is
1.33 eV. Considering the presence of NEA in the case of the dia-
mond film grown onW foil it could be implied that the obtained
value 1.33 eV is the difference between the surface Fermi level
and the CBMs which would support the argument about the
lower position of the bulk Fermi level.

This is the first report on thework function of phosphorus doped di-
amond polycrystalline films, and further theoretical calculations are
needed to accommodate all the differences in the present scenarios
for the determination of the position of the surface Fermi level and
band bending values.
4. Conclusions

In conclusion here we present the work function reduction of phos-
phorus doped (i) diamond nano crystals grown on conical carbon nano-
tubes (CCNTs) and (ii) diamond films grown on silicon substrates. The
CCNTs provide the conducting backbone for the P-doped diamond mi-
crocrystals as well as allow the increase in surface area of the former.
Thermionic emission measurements from phosphorus doped diamond
crystals on CCNTs resulted in the work function value of 2.23 eV. The
presence of a hybrid structure with combination of diamond, CCNTs
and graphite, prevented the determination of accurate work function
of diamond by UPS. The ultraviolet photoelectron spectroscopy studies
on phosphorus doped diamond films yielded a work function value of
1.8 eV with an observed NEA value of 1.2 eV. The origin of the reduced
values ofwork functions is discussed using detailed band diagrams. Pro-
posed explanation of work function reduction for the doped diamond
crystals supported on CCNTs is upward band bending due to P doping
and difference between bulk and surface Fermi levels. We suggest that
midband-gap state due to the structural defects of the polycrystalline
diamond could be an additional factor affecting the value of the work
function. Finally as a third possibility only for P doped diamond coated
CCNTs and P doped diamond films, a significantly lower position of
the Fermi level than expected for this type of doping could be consid-
ered. For P doped diamond films the further decrease of work function
value is attributed to negative electron affinity.
Prime novelty statement

We report reduced value of the work function (determined by
thermionic emissionmethod) of the novel hybrid structure of phospho-
rous doped diamond crystals supported by conical carbon nanotubes
(CCNTs). Ultraviolet photoelectron spectroscopy (UPS) measurements
of the phosphorous doped diamond films yielded a work function
value of ~1.8 eV with a negative electron affinity (NEA) value of
1.2 eV. Reduced values of work function for both hybrid structure and
diamond films are possibly due to the presence of the mid-band gap
state. This is the first report on the work function of phosphorus
doped diamond polycrystalline films measured by UPS.
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Supplementary material 

Appendix A 

P doped diamond films were synthesized on W foils pretreated in ultrasonic diamond solution bath. 
Growth was performed under the conditions of 1.5 % CH4/H2 at pressure 70 torr, microwave power 1000 
W and temperature of the sample stage ~450oC for 2.5 hours. P doping was performed using the precursor 
Di-tertiary-butylphosphine. Phosphorous concentration was 6000 – 8000 ppm and estimated 
phosphorous/carbon ratio during growth is 0.002 – 0.003.  

Thermionic emission measurements from P diamond film sample were performed following the same 
procedure as for the CCNTs coated with diamond. The value of the work function obtained for the P 
doped diamond film grown on W foil is ~1.33 eV.   

 

 

Figure 12. Thermionic emission measurements from P doped film grown on W foil: a) thermionic I-V 

characteristic for different temperatures; b) linear fit of the experimental points - 
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