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Abstract: Behavior of negative electron affinity (NEA) from B-doped diamond films is inves-
tigated. Largest secondary electron emission (SEE) yields were found to be 18. 3 and 10. 9 at
1 keV primary beam energy for samples doped with 10 mg/L and 2 mg/L. B,H;/CH, flow
rate ratios, respectively. Note that these samples were left in air for weeks before loaded into
SEE system, and subject to no treatment prior to SEE measurements. The higher SEE yields
indicate that the NEA effect is well retained though the samples were exposed in air for
weeks. Meanwhile,oxidation treatment of the sample doped with 10 mg/L. B, H,/CH, flow
rate ratio in a boiled acid destroys NEA as evidenced from the lower SEE yields, whereas
heating up in vacuum brings NEA back substantially, resulting in a largest yield of 10. 2 at
1 keV.
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1 Introduction

Synthetic diamond films possess a number

[51  One of them is

of outstanding properties
well known negative electron affinity (NEA) ™
when some diamond surfaces are terminated with
hydrogen atoms or other electropositive ele-
ments, resulting in negative charge transfer
from the ad-atom to the carbon atom on the sur-
face %), The NEA effect means that the vacuum
energy level lies below the conduction band mini-
mum, so that electrons in the conduction band
will be able to escape into the vacuum with no
potential barrier. Therefore, the application of
diamond films with NEA in electron multipliers,
electron field emitters and particle/photon detec-
tors, has received much attention. However,
there are some obstacles concerning the applica-
tions of NEA. One is how to retain or regain
NEA after a device is made from the diamond
film. To regain NEA, e. g. re-hydrogenation by
high temperature dissociation of H, molecules
into active H atoms or H, plasma treatment, can
be used. For many applications, however, it is
not practical to do so. In this work, we studied
NEA behavior from B-doped diamond films pre-
pared by microwave plasma chemical vapor depo-
sition (MPCVD), aiming at developing simple
processes to retain or regain NEA effect of the

diamond films.

2 Preparation and Characterization

of B-Doped Diamond Films

N (100) Si wafers were used as substrates
for growing diamond films. Boron-doped dia-
mond films (2~3 pm thick in thickness) were
grown in a lambda MPCVD reactor (Diamo-Tek
700) that has been described in reference I,
Briefly, the growth parameters are as follows:
absorbed microwave power 2 kW, total pressure
14. 6 kPa, substrate temperature 900 °C, and
gas flow rate ratio of 1% CH,/H, and 2 ~ 10
mg/L. B,H;/CH,, and total gas flow rate 200

mL/min. Following the growth process, the B-
doped diamond film was subject to H plasma
treatment for 10 minutes as to enhance NEA
effect.

Scanning Electron Microscopy (SEM), X-
Ray Diffraction (XRD) and raman were used to
examine the properties of the B-doped diamond
film. Fig. 1 shows a typical SEM image of the
film, indicating a [111] orientation. This film
texture is confirmed by the XRD spectrum as
shown in Fig. 2, where the (111) peak domi-
nates. The raman spectrum as shown in Fig. 3,
exhibits one single diamond peak at 1 332. 8
cm ', which is slightly shifted towards higher
wave number as compared to 1 332. 6 cm ' of
the non-doped film . The absence of SP, car-
bon trace indicates a reasonable high quality dia-
mond film, though the (111) peak width at half
maximum of ~5.5 ecm ™' is much larger than that
of the non-doped film . In addition, the
B-doped diamond film exhibits a lower resistivity

as examined by the avometer.

Fig. 1 SEM image of the B-doped diamond film, showing

dominated (111) faces.
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Fig.2 XRD spectrum of the diamond film with the most

intensive (111) peak
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Fig.3 Raman spectrum of the diamond film showing a

single diamond feature at 1 332.8 cm ™!

3  Results and Discussions

SEE yield ¢ is defined as the ratio of secon-
dary electron current I,, including the elastically
scattered, to the primary electron beam current
I (a few pA), 1. e. &= I,/I,, and measured
against primary electron beam energy up to
1 keV.

3.1 Yields from B doped samples with no treat-
ments

Fig. 4 shows SEE yield 6 as a function of
primary electron energy E, for samples doped
with B, H; /CH, flow rate ratio: (a) 10 mg/L,
and (b) 2 mg/L. The largest yield () rea-
ches 18. 3 and 10. 9 at 1 keV for (a) and (b), re-
spectively. Yater et al reported a maximum of 20
at 1 keV from B-doped diamond only after re-
hydrogenation 1. It should be noted that our

samples that were exposed in air for weeks before

loaded into a SEE measurement system, had no
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Fig.4 SEE yield vs. E, with the samples prepared by

B;H;/CH, flow rate ratio: (a) 10 mg/L, and
(b) 2 mg/L.

treatment at all. This is desirable since in many
applications of SEE, in-situ treatment like re-hy-
drogenation, is Meanwhile, the
higher SEE yield (8,.x = 18. 3) as compared to

the reported value of 20 % indicates that H-

impractical.

atom terminated NEA from the B-doped diamond
film is essentially retained even after exposed in
air for weeks.
3.2 Yields from B doped samples after heating
To further study the NEA behavior, SEE
yields were measured from a sample prepared
with 10 mg/L B, H; /CH, flow rate ratio follow-
ing a successive heating. Fig. 5 plots ¢ against
the primary electron beam energy for the treat-
ment: (a) before heating (RT), (b) after hea-
ting to 300 C for 30 minutes, and (c) after
heating to 400 °C for 30 minutes. Obviously, as
compared to these before the heating, there was
little change in yields after 300 C heating, while
400 °C heating resulted in slight decrease in
yields. Reports'®" have shown that heating or
flash-heating would increase SEE yields due to
removing additional species adsorbed during the
transport of the sample through the air. However,
our heating experiments did not show any in-
crease in yields, implying little or less effect of
the additional species on SEE. We do not know
if it had something to do with the post H plasma

treatment in the diamond reactor, which could
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Fig. 5 SEE yields against the primary electron beam

energy for the treatment: (a) before heating
(RT), (b) after heating to 300 ‘C for 30 mi-
nutes, and (c¢) after heating to 400 ‘C for 30 mi-
nutes. sample was prepared by 10 mg/L. B, Hs/

CH, flow rate ratio.
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have enhanced NEA. In this regard, more work
is needed to confirm our suggestion.
3.3 Effect of B doping level

As seen in Fig 4, the sample (a) prepared
with 10 mg/L B, H;/CH, flow rate ratio shows a
much better SEE performance as compared to
the sample (b) prepared with 2 mg/L B,H;/
CH, flow rate ratio. This indicates that a high B
doping level is necessary to give rise to an inten-
sive NEA effect. This is because the formation
of NEA results from the downward band ben-
ding of a P-type semiconductor surface due to its
carrier depletion following adsorption of some
atoms like H or Cs. Therefore, the higher B do-
ping level would result in a more intensive NEA
due to a larger amount of electron charge trans-
fer from ad-atoms to the surface and thus a
sharper downward band bending with a narrower
On the other
hand, to achieve a higher SEE yield as shown in

width of the depletion region.

Fig 4(a), it is essential for most secondary elec-
trons excited in the bulk to transport to the sur-
face without being scattered or trapped. Unfor-
tunately, the higher B concentration in the film
is likely to result in a high probability of elec-
tron-impurity scattering, i. e. a short escape
depth. As such, the role of B dopants in the
SEE process is complex, and needs a better un-
derstand as to optimize B concentration for the
high SEE yield M.
3.4 Effect of oxidation and heating in vacuum
To get insight into NEA behavior, the sam-
ple doped with 10 mg/1L. B, H;/CH, flow rate ra-
tio was oxidation treated in an acid solution of
HNO; : Hwynb,SO,.
went up immediately, indicating the removal of
NEA. Then the sample was loaded into the SEE
system. SEE yields were measured before and

after heated to 400 °C in vacuum (1 X 107" Pa)

The surface resistivity

for 30 minutes, as shown in Fig. 6. The lower
yield (8mx = 2. 2) before heating confirms the
loss of NEA as a result of the oxidation process.

On the contrarily, following the heating-up, the

yields are much high with a largest value of 10. 2,
and increase steadily with an increase in E,,
showing clearly the recovery of NEA. The NEA
recovery is believed to be attributed to the diffu-
sion of H atoms onto the diamond surface from
the bulk M,

heating-up in vacuum, is much feasible in com-

Obviously, such a process-just by

parison with other techniques, such as in-situ
dissociation of H; under high temperature or H

plasma treatment.
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Fig. 6 SEE yields vs. E,. The sample was grown with
10 mg/L B, Hy /CH, flow rate ratio and treated in
acid, followed by: (a) heating to 400 °C in vacuum

for 30 min, and (b) no treatment.

4 Conclusions

We have investigated NEA behavior from B-
doped diamond films grown by MPCVD, fol-
lowed by H plasma treatment. SEE yields were
found to be up to 18. 3 and 10. 9 at 1 keV primary
beam energy for samples doped with 10 mg/L
and 2 mg/L. B,H,;/CH, flow rate ratios, respec-
tively. It is interesting to note that the NEA
effect was well retained, though the samples
were left in air for weeks before loaded into SEE
system, and subject to no treatment prior to
SEE measurements. This is important for the
application of NEA diamond films to the de-
vices. We also demonstrated the removal and re-
covery of NEA from the B-doped diamond film
by the process of oxidation treatment and heating up
in vacuum, which is much feasible as compared to in-

situ re-hydrogenation process or H plasma treatment.
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