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energy and escape into vacuum without 

 The presence of an air-stable negative electron affi nity (NEA) on lithium-
covered oxygen-terminated diamond after a thermal activation process is 
demonstrated. The NEA is unequivocally established by the onset of photo-
electron yield at the bandgap energy of 5.5 eV. This surface exhibits a sec-
ondary electron yield enhancement by a factor of 200, compared to a surface 
with positive electron affi nity. The surface chemistry leading to the necessary 
surface dipole was elucidated by core-level photoemission spectroscopy 
in conjunction with previous theoretical calculations. The insensitivity to 
the details of the deposition process opens a route to practical and robust 
negative-electron affi nity devices based on diamond. 
  1. Introduction 

 There are a number of applications such as photocathodes in 
image intensifi ers or cathodes for vacuum electronics, [  1  ]  elec-
tron amplifi ers, [  2  ]  and thermionic converters [  3  ,  4  ]  where a high 
emission probability of electrons is required. All other things 
being equal, the emission probability is greatly enhanced if the 
electrons are not hindered by emission barriers as they occur 
for metals in the form of the work function or in semiconduc-
tors in the form of a positive electron affi nity (EA). The latter 
measures the energy required to emit an electron from the 
conduction band minimum (CBM) to the vacuum level  E  VAC . 
While the metal work function cannot be made to disappear, 
there are many ways to reduce or even eliminate the emission 
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barrier in semiconductors. This is com-
monly achieved by chemical modifi cations 
of the surface, such that a dipole layer is 
formed in a way that the dipole potential 
lowers  E  VAC  relative to the CBM. If this 
lowering is combined with a strong down-
ward band bending at the surface such 
that  E  VAC  lies below the bulk CBM (i.e., the 
CBM is beyond the space charge region) 
one speaks of effective negative electron 
affi nity. In this case, electrons at the CBM 
approaching the surface have a certain 
probability to tunnel through the space 
charge region, maintain their original 
encountering a barrier (ballistic electron emission). This recipe 
is followed, for example, by modern photo cathodes where a sur-
face layer of oxidized Cs forms the dipole layer and serves at the 
same time to provide the doping necessary to induce the strong 
downward band bending at the GaAs surface. [  5  ,  6  ]  Much more 
effi cient electron emitters are to be expected when true negative 
electron affi nity (NEA) is achieved, that is, when the vacuum 
level lies below CBM right at the surface. To our knowledge, 
hydrogen-terminated diamond is so far the only inorganic semi-
conductor where true NEA has been reproducibly observed. [  7–10  ]  
For the hydrogen-terminated C(100):H and C(111):H surfaces 
EAs of  − 1.3 eV have been reported, and the mechanism behind 
this low EA relies on the high dipole density formed by the polar 
C–H surface bonds; it turns the already small electron affi nity of 
the clean diamond surface (0.3 eV) into true NEA. [  9  ,  10  ]  

 As expected, the electron emission probability of C(100):H 
is far superior to that of unhydrogenated diamond. Cui et al. 
measure a rise in photo induced electron yield by fi ve orders 
of magnitude when the surface turns from positive electron 
affi nity (PEA) to NEA. [  11  ]  The reason lies in the difference in 
electron collection depth by the same ratio. For PEA, only elec-
trons that exceed the CBM by an energy equal to the EA are 
able to escape. These “hot” electrons, however, have a very short 
inelastic mean free path of a few nanometers, on account of 
their fast thermalization rate that lies in the 10 12  sec  − 1  range. 
Without a barrier, thermalized electrons contribute to the 
yield and their mean free path is limited by the much longer 
recombination lifetimes of the order of microseconds. The 
same mechanism holds for the high secondary electron yield 
of diamond with NEA; electron yields as high as 85 have been 
reported. [  12  ]  In so-called electron amplifi ers, a beam of high 
energy (up to 10 keV) primary electrons impinging on the back 
surface of a thin (0.5 mm) hydrogenated diamond results in 
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     Figure  1 .     a) Change in low kinetic energy secondary electron spectrum 
with annealing. The 400  ° C spectrum shows a marked shift to lower ener-
gies and a slight shape change. The fi rst sign of the signature NEA peak is 
after the 600  ° C anneal. After the 800  ° C anneal, the NEA peak is so large 
that the original secondary electron spectrum is completely obscured. 
The peak of the 800  ° C anneal is cut off in the Figure to allow the pro-
gression of the other peaks to be visible. b) The secondary electron peak 
amplitude of each data set in the annealing cycle, showing the effect of 
repeated annealing. Note the logarithmic scale.  
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the emission of thermalized electrons at the front surface that 
exceeds the primary current by factors up to 300. [  2  ]  

 The wide spectrum of applications for diamond NEA sur-
faces raises questions about the stability of the H termination 
and whether or not there are other means to induce NEA on 
diamond. In ultrahigh vacuum (UHV), hydrogen is stable up 
to at least 800  ° C on account of the strong covalent C–H bond. 
However, in the presence of oxygen or water, C–H bonds are 
replaced by C–O or C–OH bonds, and in air that happens 
within seconds at 200  ° C and the NEA is lost. Hence, there 
are numerous reports of diamond NEA surfaces induced by 
metals or small molecules deposited onto the surface. [  13–15  ]  
In none of these reports has the actual value of the EA been 
measured. Instead, they rely on the position of the low energy 
cut-off in the distribution of inelastically scattered secondary 
electrons in a UV-excited photoemission experiment. The cut-
off energy  E  CUT  is determined by the highest barrier imposed 
on secondary electron emission from the sample and it coin-
cides with  E  VAC  for surfaces with PEA. As the electron affi nity   χ   
drops so does  E  CUT  until   χ    =  0, when  E  VAC  and CBM coincide. 
When  E  VAC  is further lowered (  χ    <  0),  E  CUT  remains pinned at 
CBM. Hence, even when this last condition is fulfi lled, there is 
no guarantee that the surface really has a negative EA. Only if 
the cut-off at CBM is accompanied by a large (of the order of a 
factor of 100) increase in the secondary electron yield right at 
cut-off is there an additional indicator of NEA for the reasons 
mentioned above. Since that is not observed in any of these 
reports, it remains doubtful whether true NEA rather than an 
EA close to zero was actually achieved. 

 Recently, on the basis of electronic structure calculations, 
O’Donnell et al. have suggested that a lithiated and oxidized 
diamond surface should exhibit a substantial negative EA of up 
to  − 3.9 eV. [  16  ]  Here, we show that one can generate a NEA sur-
face with excellent secondary electron yield enhancement using 
a simple activation procedure involving lithium and elevated 
temperature on oxidized diamond. We use photoelectron spec-
troscopy (PES) with a synchrotron radiation source to demon-
strate that the thermally activated Li-diamond surface exhibits 
the high secondary electron yield typical of a NEA surface, as 
well as to characterize the chemical changes of the surface as 
a function of the activation process. Unequivocal proof for the 
presence of a negative electron affi nity is demonstrated using 
total photoelectron yield spectroscopy (TPYS). The surface 
properties are shown to be robust against the absorption of 
additional Li and exposure to ambient conditions.  

  2. Results and Discussion 

  2.1. Low Kinetic Energy Electron Spectra and Total Photoyield 

 A series of low kinetic energy (KE) electron spectra, which 
represent the energy distribution of inelastically scattered sec-
ondary electrons as they are emitted from a plasma oxidized 
(100) diamond sample, appear in  Figure    1  a. The fi gure shows 
the progression from a PEA to NEA state for a sample that was 
covered with 0.4 Å of lithium and annealed at progressively 
higher temperatures. The clean and 0.4 Å Li covered surfaces 
© 2013 WILEY-VCH Verlag Adv. Funct. Mater. 2013, 23, 5608–5614
have a very similar low KE spectrum, with a low energy cut-off 
that lies 6.4 eV above the Fermi energy  E  F , in excellent agree-
ment with a previously published value of 6.3 eV for the C(100)–
(1  ×  1):O surface. [  10  ]  Starting with an annealing temperature of 
400  ° C the low energy cut-off moves to lower kinetic energies, 
indicating a reduction in work function. After a 600  ° C anneal 
for 15 min, the cut-off energy is lowered by a total of 1.4 eV 
5609wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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   Table  1.     Summary of the changes in low kinetic energy secondary electron spectra upon lithium deposition and annealing. 

Lithium Coverage 
[Å]

Cut-off energy a)  
 E  CUT   –E  F  [eV]

Relative Secondary Electron 
Peak Amplitude

Relative Secondary Electron 
Integrated Intensity

Clean 6.4 1.0 1.0

0.02 Å Li 6.5 1.0 1.0

0.03 Å Li 6.5 1.0 1.0

0.05 Å Li 6.5 1.2 1.0

0.07 Å Li 6.4 1.1 1.1

0.08 Å Li 6.4 1.1 1.0

0.1 Å Li 6.4 1.1 1.1

0.4 Å Li 6.3 1.1 1.1

200  ° C anneal, 15 min 6.2 1.3 1.2

400  ° C anneal, 15 min 5.6 1.7 1.5

600  ° C anneal, 15 min 5.0 9.5 3.0

800  ° C anneal, 15 min  4.9 55.6 9.6

800  ° C anneal, 30 min (total)  4.6 108.5 20.7

800  ° C anneal, 60 min (total)  4.7 96.9 18.6

2.8 Å Li  4.0 248.0 74.3

800  ° C anneal, 15 min  4.6 216.3 43.0

    a) The cut-off is defi ned as the energy at half-maximum on the low kinetic energy side of the spectrum, relative to the Fermi level. This is done so as to take the fi nite spec-
tral resolution into account. Values in italics cannot be regarded as a measure of the sample workfunction. The uncertainty in these values is  ± 0.1 eV.   
to  E  CUT   – E  F   =  5.0 eV and the spectrum changes dramatically 
with a very intense and narrow (0.16 eV) peak appearing at 
the low energy cut-off position. Three further annealing steps 
at 800  ° C increase the amplitude of the low energy peak fur-
ther by over two orders of magnitude compared to the original 
surface as demonstrated in Figure  1 b. We take that as a fi rst 
indication that the lithium-covered oxygenated diamond sur-
face is “activated” to a state of NEA by annealing above 600  ° C. 
The value of the secondary electron cut-off relative to  E  F  and 
the relative yield (both peak amplitude and integrated intensity) 
of secondary electrons as function of lithium deposition and 
annealing are summarized in  Table    1  .   

 In order to understand the changes in the spectra seen 
in Figure  1 , we must consider the position of the bands, the 
Fermi level, and vacuum level for this particular surface. These 
are illustrated for the three cases of PEA, effective negative 
electron affi nity, and true NEA in  Figure    2  . In our experiment, 
we know the position of the Fermi level and the surface band 
bending from core level spectra discussed later in the paper 
and in the Experimental Section. Relevant for the present is 
the result that the value of  E  F   – E  VBM   =  (0.9  ±  0.1) eV at the 
surface was found to be constant in our experiment, regardless 
of lithium deposition or annealing. Combined with the bulk 
Fermi level position of our B-doped sample of (0.20  ±  0.05) eV 
above the valence-band maximum (VBM), this corresponds to 
an unchanging downward band bending of (0.7  ±  0.2) eV. With 
the band gap of  E  G   =  5.5 eV for diamond, this implies that 
as long as  E  CUT   – E  F    >  E  G  – 0.9 eV, the surface has PEA and 
 E  CUT   – E  F   =    ϕ  , the workfunction. For a PEA emitter, the 
vacuum level is substantially above the CBM and presents the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
barrier to escaping electrons, as discussed earlier. This results 
in a broad inelastic spectrum sharply cut-off at the vacuum 
level, as shown in Figure  2 a. In this case, one can determine 
the electron affi nity of the surface according to   χ    =    ϕ    +  ( E  F   −  
 E  VBM )  −   E  GAP . For the surface prior to lithium deposition, this 
gives a positive electron affi nity of (1.8  ±  0.1) eV, in good agree-
ment with the results of Maier et al. [  10  ]   

 Once the vacuum level moves below the CBM at the surface, 
 E  CUT   – E  F  is pinned at the position of the CBM at the surface 
and neither the workfunction nor the electron affi nity can be 
related to  E  CUT . The surface is in a state of “true” NEA. The 
thermalized electrons are now able to escape and form a narrow 
and intense peak at low kinetic energies, as shown in Figure  2 c. 
The low kinetic energy spectra for the 800  ° C annealed sample 
is representative of this structure. The peak amplitude is 
much larger (56 times larger than for the clean surface), with 
a full-width half-maximum of 0.3 eV, refl ecting full emission 
from the CBM. At the same time, the cut-off energy  E  CUT  has 
dropped to its limiting value of (4.6  ±  0.1) eV. Further annealing 
was found to increase the yield even further as did deposition 
of more lithium (Figure  1 b). 

 In the case where the electron affi nity falls in the range 
0  <    χ    <  0.7 eV, the vacuum level lies above the CBM at the surface 
but below the bulk position of the CBM. This corresponds to the 
situation of effective NEA (Figure  2 b). In this case, one expects 
to see a fraction of electrons that are not fully thermalized to the 
CBM at the surface escape from the CBM by tunneling, within 
the space charge region. The sharp low energy cut-off is still deter-
mined by the vacuum level, whereas the exponentially decreasing 
tunneling probability as one moves up in energy results in a 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5608–5614
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     Figure  2 .     Band diagram and expected secondary electron emission spec-
trum for three cases of electron affi nity, a) positive electron affi nity (PEA), 
b) effective negative electron affi nity where the vacuum level is above 
the CBM at the surface but below the CBM in the bulk, and c) true NEA, 
where the vacuum level is below the conduction band minimum at the 
surface. The emission spectra are schematic and do not refl ect the broad-
ening due to fi nite experimental resolution.  
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     Figure  3 .     Total photoyield for the diamond sample as a function of photon 
energy. The vertical line indicates the experimental indirect bandgap of 
diamond (5.5 eV). A comparison to a bare oxygenated surface (found in 
the literature) [  31  ]  illustrates the difference between NEA and PEA surfaces.  
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particularly narrow peak width. This is the situation we observe 
after 600  ° C annealing as seen in Figure  1 a. The cut-off  E  CUT   =  
5.0 eV corresponding to   χ    =  0.4 eV falls within the window of 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5608–5614
effective NEA, as defi ned above. Indeed, we fi nd that, unlike the 
peak widths of about 0.3 eV seen for the case of true NEA, the 
width here is only about 0.16 eV, a considerably narrower value. 

 To demonstrate unequivocally that the surface exhibits NEA, 
a total photoyield spectroscopy (TPYS) measurement was per-
formed, that is, the total number of photoemitted electrons 
per incident photon measured as a function of photon energy. 
For a NEA surface, there will be a clear onset in photoyield at 
the photon energy equal to the band gap of 5.5 eV, with the 
yield spectrum resembling the absorption coeffi cient of dia-
mond. [  8  ,  11  ]  In our case, TPYS measurements were carried out 
at the University of Erlangen, necessitating the removal of the 
sample from vacuum for shipping. The sample was stored 
under argon and it is estimated that it was exposed to air for 
approximately 5–10 min before measurement.  Figure    3   shows 
the results of TPYS measurements for the original air-exposed 
sample, for the same sample after annealing at 350  ° C in UHV 
for 30 min, and fi nally after re-exposure to air for 5 min. For 
all three spectra, the jump in photoyield at the diamond band 
gap energy is observed, which is a clear sign of NEA. After 
annealing, the total electron yield above the bandgap is 2–3 
times greater because of the removal of electron-attenuating 
airborne adsorbates. Nevertheless, this increase is substan-
tially smaller than the orders of magnitude increase observed 
for samples where NEA is achieved by hydrogen-termination 
of diamond. [  17  ]  In this case, exposure to air leads to p-type sur-
face conductivity as a result of surface transfer doping; [  18  ]  this is 
accompanied by upward band bending that constitutes an addi-
tional barrier for electron emission that is removed together 
with the surface conductivity after annealing in vacuum. For 
the lithiated diamond considered here, the fact that we do not 
see a large reduction in total photoyield upon atmospheric 
5611wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Computed electrostatic potential energy for the ideal lithiated and oxidized diamond 
(100) surface. The large surface dipole apparent in the potential is projected onto the structure 
diagram showing that the dipole is not atom-centered between the Li and O species as might 
be expected.  
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exposure suggests that transfer doping and 
the concomitant upward band bending which 
reduces the electron yield does not occur; 
this was confi rmed by an electrical measure-
ment on an identically prepared intrinsic 
diamond sample which showed no sign 
of p-type surface conductivity. It is unclear 
why there is apparently no surface transfer 
doping and we are led to speculate that either 
the energy level alignment is unfavoured for 
charge transfer or whether the presence of 
surface states has pinned the Fermi level to 
prevent band bending. The apparent absence 
of transfer doping on the lithiated surface is 
the subject of further investigation. In any 
case, the small change in photoyield after 
atmospheric exposure indicates a signifi cant 
degree of air stability, making the lithiated 
diamond surface potentially far more useful 
for applications involving poor vacuum as, 
for example, in image intensifi er tubes or 
fi eld emission devices.   
  2.2. Core Level Spectroscopy and Surface Chemistry 

 To elucidate details about the surface chemistry before and 
after lithium deposition and annealing, we use core-level pho-
toelectron spectroscopy. A negative electron affi nity surface is 
expected to have a signifi cant surface dipole. The electrostatic 
potential due to the dipole will cause the core levels of the sur-
face species to shift in addition to the ordinary core level shifts 
caused by the charge transfer involved in chemical bonding. 
Our calculations [  16  ]  suggest that the ideal C(100)–(1  ×  1):LiO 
surface has a large dipole indeed.  Figure    4   shows the calculated 
plane-averaged electrostatic potential through the C(100)–(1  ×  
1):LiO surface with the atomic positions overlaid. Unlike the 
hydrogenated diamond surface, the C(100)–(1  ×  1):LiO surface 
dipole is not atom-centered and the Li–O bonds are not suffi -
ciently normal to the surface to induce such a dipole. Instead, 
there is a delocalization of surface charge caused by the low-
ering of electronic states in the presence of the positive Li ion. 
The result is that the lithium and oxygen sites sit within the 
positive side of the surface dipole. The negative side of the 
dipole is located between the oxygen and fi rst layer carbon sites. 
Therefore, we expect that both the O 1s and Li 1s core levels will 
be increased in binding energy due to attractive potential asso-
ciated with the positive side of the surface dipole. In addition 
to this, the component of the O 1s spectrum related to Li–O 
bonding will be shifted to a relatively lower binding energy due 
to charge transfer from the Li.  

 In light of this potential environment, we can interpret the 
core level spectra.  Figure    5   shows a series of surface-sensitive C 
1s (column a), O 1s (column b), and Li 1s (column c) core-level 
spectra obtained for (from bottom to top) i) the oxygen-termi-
nated surface after annealing in UHV, ii) followed by Li deposi-
tion of 0.4 Å, iii) followed by 3 cycles of annealing at 800  ° C for 
a total time of one hour, and iv) after further lithium deposition 
to 2.8 Å and a subsequent 800  ° C anneal.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 The C 1s peak (Figure  5 a) shows the expected bulk diamond 
peak at 284.8 eV (labelled CA) with side peaks at 285.8 eV 
(CB1), 286.8 eV (CB2), and 284.0 eV (CC). The binding energy 
of the bulk component (CA) does not change as a function of 
surface treatment. Using the known VBM to bulk C 1s core 
level energy difference of 283.9 eV, [  10  ]  we can compute the sur-
face  E  F   – E  VBM   =  (0.9  ±  0.1) eV that does not change over the 
whole range of experimental conditions. We associate peaks 
CB1/2 with surface carbon-oxygen bonding, likely dominated 
by C–O–C (ether-bridge) and C�O (carbonyl) groups. [  19–21  ]  
Peak CC is likely from surface dimer carbons which have an 
increased sp 2  character compared to bulk diamond. [  22  ]  At 
330 eV, the inelastic mean free path in diamond is approxi-
mately 3–5 Å, [  23  ,  24  ]  agreeing well with our measured bulk to 
surface ratio of approximately 1:1. From the ratio of the areas 
of the surface components, we estimate a fraction of 33% of the 
surface carbon atoms to be oxygenated. 

 The clean oxygenated surface has a simple O 1s core level 
spectrum (Figure  5 b) dominated by a single peak at 531.6 eV 
(peak OA) characteristic of a double-bonded oxygen species 
such as C�O or C–O–C. Upon 0.4 Å lithium adsorption, the 
O 1s peak decreases in area by 20%, suggesting that lithium 
adsorbs over the oxygen-terminated regions. The Li 1s core 
level after 0.4 Å lithium deposition shown in Figure  5 c exhibits 
a single peak at 55.4 eV, slightly higher than for metallic 
lithium (54.8 eV). [  25  ]  Prior to annealing, however, there is little 
evidence in the core level spectra of a change in surface dipole 
due to lithium adsorption, which is consistent with the positive 
electron affi nity at this point discussed earlier in conjunction 
with Figure  1 . 

 Annealing alters the shape of the core level spectra and 
induces shifts consistent with a change in the surface dipole. 
After annealing at 800  ° C for a total annealing time of one hour, 
when NEA is fi rmly established on the surface, both the O 1s 
and Li 1s spectra shift rigidly by 0.9 and 0.7 eV, respectively, to 
higher binding energies. The large rigid shift to higher binding 
energy for the O 1s spectrum is consistent with the surface 
oxygen and lithium residing within a lowered electrostatic 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5608–5614
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     Figure  5 .     a) C 1s core level taken at 330 eV photon energy. b) O 1s core level taken at 700 eV. c) Li 1s core level taken at 150 eV. Due to the difference 
photon energies used for each core level, the peak heights are not comparable across species here.  
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potential as expected from Figure  4 . The concomitant appear-
ance of a prominent side peak (OB) at 0.8 eV lower binding 
energy with lithium deposition after annealing indicates the 
formation of ionic Li–O bonds and is consistent with negative 
charge transfer from lithium to oxygen as expected. The change 
in the ratio of peak OA to peak OB is also signifi cant. Although 
low temperature annealing (400  ° C, not shown in Figure  5 ) 
reduces the overall amount of oxygen on the surface, further 
anneals at higher temperature do not reduce the quantity of 
oxygen present but instead peak OB increases at the expense of 
peak OA. We associate this with the activation process, causing 
a structural and chemical change to a more ordered lithium-
oxygen bonding arrangement that induces the surface dipole 
leading to a state of NEA. 

 From these observations, we conclude that activation is 
a necessary process to provide a structural change leading to 
NEA. Our previous calculations show that the oxygenated 
surface allows a large number of metastable lithium bonding 
sites that do not exhibit a large surface dipole. Therefore, it is 
likely that upon adsorption of lithium, lithium atoms move into 
these metastable confi gurations. Annealing will then enable a 
structural shift to the thermodynamically preferred state seen 
in Figure  4 . Ether-bridge C–O–C structures and carbonyl C�O 
structures are chemically stable; thus, the structural shift must 
involve the breaking of a C–O bond to give C–O–Li–O–C struc-
tures as is signaled by the appearance of the chemically shifted 
component OB in Figure  5 . 

 Once activated, the NEA state of the surface is preserved 
under exposure to more lithium. It is clear from the peak OA/
OB ratio that 0.4 Å Li coverage is not enough for monolayer 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5608–5614
coverage. It follows that adding more lithium should increase 
the surface dipole and electron yield. This prediction is born 
out in the secondary electron yield data shown in Figure  1 b and 
Table  1 , as well as the core level spectra. In Figure  5 , it can be 
seen that with 2.8 Å lithium deposited and annealed, feature 
OB in the O 1s spectrum increases to 50% of the total O 1s 
area, supporting our assignment of OB to Li–O bonding. 

 The situation for the C 1s peak is more complicated because 
there will be three components that move independently: 
i) a bulk C 1s component that is not affected by the surface 
dipole and should not move unless the band bending changes, 
ii) surface carbons bonded to oxygen, normally higher in 
binding energy than the bulk C 1s peak but will move lower in 
binding energy due to the negative side of the surface dipole, 
and iii) surface carbons not bonded to oxygen which, as surface 
atoms, should be on the positive side of the surface dipole and 
should move to higher binding energy. The result is that for 
carbon the components should all merge towards each other, as 
observed in Figure  5 a.   

  3. Conclusions 

 In the present work, we have demonstrated that lithiated, 
oxygenated diamond can be activated to yield a NEA surface 
with excellent secondary electron emission properties. Photo-
electron spectroscopy indicates that the lithium bonds to the 
oxygen-terminated regions of the diamond and, after annealing 
at high temperatures, induces a structural change to a sur-
face with a large surface dipole. The NEA is highly resilient to 
5613wileyonlinelibrary.combH & Co. KGaA, Weinheim
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high-temperatures and even atmospheric exposure. We there-
fore suggest that lithium-deposited oxygenated diamond is an 
ideal basis for technological applications involving electron 
emission, including fi eld emitters, current amplifi ers, image 
intensifi ers, and solar blind photocathodes.  

  4. Experimental Section 
  Sample Preparation : The substrate for all our experiments was a 

type-IIa C(100) crystal sourced from Element 6, with surface roughness 
better than 5 nm. A 300 nm epitaxial boron-doped overlayer was grown 
on the substrate by chemical vapor deposition (CVD), the conductivity 
of the B-doped layer eliminating charging effects during photoemission 
measurements. Low energy electron diffraction (not shown) gave a sharp 
(1  ×  1) pattern as expected for oxygen-terminated diamond and shows 
the epitaxial overlayer preserves the underlying (100) structure with 
good surface crystallinity. The position of the Fermi level with respect to 
the bulk valance band maximum can be determined from the energy of 
the boron acceptor and the boron concentration to be (0.20  ±  0.05) eV. 
This gives constant band bending of approximately (0.7  ±  0.2) eV. Such a 
value is consistent with previous results for oxygenated diamond. [  10  ]  The 
sample was cleaned by boiling in sulphuric and nitric acids, then oxygen-
terminated by exposure to an oxygen plasma for 5 min. The sample was 
mounted in a Ta envelope onto a holder with an underlying boron nitride 
heater for sample annealing in UHV. A thermocouple was connected to 
the surface of the sample holder underneath the Ta envelope and was 
used to measure the temperatures quoted here. 

 Lithium was deposited using a thoroughly degassed SAES getter 
source. The background pressure in the preparation chamber was 
below 2  ×  10  − 10  mbar. The amount of Li deposited was determined by 
the Li 1s core level peak area as measured using X-ray photoelectron 
spectroscopy (XPS); a series of depositions using a constant deposition 
rate was performed for increasing times, with the measured XPS peak 
intensities fi tted to a simple overlayer attentuation model:

 It = Ib (1 − exp (−Rt / (λ cos θ)))   (1)   

where  I t   is the Li 1s peak area after a given deposition time  t ,  I  b  is the 
intensity expected for bulk lithium,  R  is the deposition rate,   λ   =   7 Å [  26  ]  is 
the inelastic mean free path at the kinetic energy of the photoelectrons 
under consideration, and   θ   =   10 °  is the angle between the detector 
and the surface normal. Fitting Equation 1 to the core level peak areas 
yields the values of  I  b  and  R  =   (0.20  ±  0.05) Å min  − 1 , in our case. By 
analogy with the results of Petrick and Benndorf, [  27  ]  we expect a sticking 
coeffi cient close to unity in the present case. 

  Photoelectron Spectroscopy : Photoelectron spectroscopy was carried 
out using the soft X-ray spectroscopy beamline at the Australian 
Synchrotron with a typical total energy resolution of better than 
100 meV [  28  ] . The base pressure during measurements was less than 
1.0  ×  10  − 10  mbar. Photon energies were chosen to ensure maximum 
surface sensitivity for the oxygen, carbon, and lithium core levels and, in 
the case of lithium, to optimize the X-ray photoionization cross-section. 
The photon energies used were 700 eV for the O 1s core level, 330 eV for 
the C 1s core level, and 150 eV for the Li 1s core level and the low kinetic 
energy secondary electron spectra. All binding energies are referenced 
to the Fermi level, as determined after every change in photon energy by 
setting the 4f 7/2 core level binding energy of a Au sample in electrical 
contact with the sample to 84.00 eV. The photon fl ux was continually 
monitored using the drain current from a 50% transmissive gold 
mesh, allowing intensity normalization across different scans. A Shirley 
background was subtracted from each data set before peak fi tting. [  29  ]  
Peaks were fi tted with Fityk [  30  ]  using Voigt profi les with a fi xed Lorentzian 
width of 0.15 eV refl ecting the core-hole lifetime, [  22  ]  and a variable 
Gaussian width. For the low kinetic energy spectra, a negative bias in the 
range 6–10 V was applied to the sample to overcome the workfunction of 
the analyzer and ensure transmission and collection of the lowest energy 
electrons. The actual applied bias was measured using the shift in core 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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