DIAMOND

RELATED
MATERIALS

Diamond and Related Materials 6 (1997) 1135-1142

Field-emission studies of boron-doped CVD diamond films
following surface treatments >

N.A. Fox #* S, Mary 1, T.J. Davis ?, W.N. Wang ?, P.W. May ?, A. Bewick ?,
J.W. Steeds 2, J.E. Butler ®

 Diamond Group, University of Bristol, Bristol, UK
® Naval Research Laboratory, Washington, USA

Received 10 September 1996 accepted 11 February 1997

Abstract -

The electron emission from highly twinned, undoped Chemical Vapour Deposited (CVD) diamond thin films has been found
to exhibit a stable voltage threshold of 15V um ™%, In this study the same material has been boron-doped by ion-implantation at
two different energy profiles. A number of surface treatments including, Excimer laser annealing, hydrogen passivation,
argon/oxygen plasma etching and also coating with gold, were employed in an attempt to enhance the electron emission properties
of the highly twinned surface. It has been found that these treatments tend to degrade the electron emission performance,
promoting more surface damage and instability in the electron emission current. These results are compared against the emission
performance of samples of high quality boron-doped material exhibiting both similar and dissimilar surface textures. © 1997

Elsevier Science S.A.
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1. Introduction

The successful application of diamond as a cold
cathode material in vacuum microelectronic devices,
such as the Field-emission Display (FED), requires
electrodes that exhibit a low threshold voltage for
electron emission (<1V um™?). This property has to
be linked to a high density of active emission sites
(~10° mm?) being evenly distributed over a given pixel-
sized area of the cathode surface. This latter requirement
needs to be satisfied without having to rely upon extens-
ive voltage conditioning of the electrode surface area. A
number of reports [1] have made reference to the
significant changes in surface structure that take place
due to dielectric breakdown occurring within the dia-
mond film during emission tests. The primary focus of
the work reported here was to determine whether post-
growth surface treatment could offer a way to stabilise
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the highly twinned diamond film against dielectric break-
down. This type of diamond film contains a high density
of sub-um wedge structures which emit electrons from
their sharp edge features (Fig. 1).

Field-emission has been observed from natural type
1Ib single crystals[2] and from CVD-produced films that
have been doped with boron[3]. The means by which
field-emission is produced by p-type diamond is still not
fully understood but the material has been studied by
STM-CITS[4] and by UPS[5].

On hydrogen-terminated material, a Negative
Electron Affinity (NEA) has been detected on (111)[5]
and (001)[6] crystal facets. On lightly doped single
crystal material photo-emission studies have revealed
that the source of field-emission is electrons that origi-
nate from the valence band[7]. '

The source of field-electron emission from p-type
CVD diamond films is further complicated by the exis-
tence of a high density of grain boundaries. The inter-
grain regions of these polycrystalline films tend to con-
tain localised concentrations of non-diamond carbon
which exhibit different conduction properties compared
to the boron-doped polycrystals. The presence of gra-
phitic forms of carbon is known to quench the NEA at
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Fig. 1. SEM photograph of the highly twinned material, TW3 and TW4, exhibiting the characteristic pentagonal wedge structures.

a crystal surface[8] and cause the depletion of boron at
grain boundaries[9].

The highly twinned films studied here are deemed to
contain non-diamond carbon localised principally in the
interfacial layer that links the diamond film to the silicon
substrate. It is not known whether the presence of this
material is disadvantageous to the electron emission
performance of the diamond film or if it influences the
onset of dielectric breakdown. By employing surface
treatments to alter the electron emission of the diamond
surface some conclusions may be drawn about the
suitability of this material as a field electron emitter.

2. Experimental details

Sampie boron-doped diamond films were prepared in
accordance with the schedule given in Table 1. A twinned

Table 1
Schedule of CVD growth

film growth was exhibited by the free-standing material,
identified as NRL5K80, produced by boron incorpora-
tion during growth, and by the silicon-supported mate-
rial that was ion-implanted with boron after CVD
growth. The latter material exhibits the higher density
of twinned crystals. In Table 1 this material is identified
as samples TW3, TW4, and that this film was grown
with a high methane fraction producing the film struc-
ture illustrated in Fig. 1. The highly twinned material
exhibited a Raman profile shown in Fig. 2. The third
material identified as New2, is a high quality, free-
standing material, containing very few twinned crystals,
and contains boron that was ion-implanted after CVD
growth.

The schedule of ion-implantation experiments is
detailed in Table 2. All of the implantation experiments
were performed at liquid nitrogen temperature to try to

Sample no., Nucleation conditions®

(Growth method)

Growth conditions

Post-growth

TW3, (MPCVD) f=4%; T=925°C; B=—170 V:
{grown on p(100) Si}
TW4, (MPCVD) f=4%; T=950°C; B=—170V:

{grown on n(111) Si}
NEW2, (MPICVD)
{grown on intrinsic
(100) Si}
NRL 5K80, (MPCVD)
{grown on intrinsic
(100) Si}

f=1%;T=900 °C; B=0V;
P=30torr; E=5kW;t=15 min.

f=0.59%;T=950 °C; B=0V;
P=25torr; E=2.5kW;r=12h

f=12%;T=925°C; B=0V;
P=85torr; E=2800 W, r=15min. P=65 torr; E=2500 W;t=4h45min  P=65 torr; £=2500 W; =10 min.
[=12%;T=925°C; B=0V,
P=85torr; E=2800 W, t=15min. P=65torr; E=2500W; r=4h 45min P=65 torr; E=2500 W;¢=10 min.
f=4%:;T=900°C; B=0V;

P=30torr; E=5kW;:=3h.

f=2%;T=850°C; B=0V;
P=25torr; E=2.5kW;t=12h

H, plasma: f=0%;T=925°C; B=0V;
H, plasma: f=0%;7=925°C; B=0V;

H; plasma: f=0%;T=925°C; B=0V;
P=30torr; E=5kW;r=10 min

H, plasma: f=0%;T=925°C; B=0V;
P=25torr; E=2.5kW;t=10 min

*Where f denotes methane fraction in hydrogen, T denotes substrate tem

microwave power level and ¢ denotes process time.

peraturs, B denotes substrate bias, P denotes working pressure, £ denotes
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Fig. 2. Raman spectrum of TW3 prior to treatment.

minimise the ion damage to the diamond film samples.
Two different implantation profiles were employed to
produced doped material in which the implanted species
resided at different depths in the film. Doping was
achieved by incorporating boron atoms using °B; and
1B} sources. It should be noted that 1°B; was employed
for implanting New2 to achieve a near surface dopant
layer. This enabled a reduced beam current to be used
to obtain the single low-energy dose. )

For the case where Rapid Thermal Annealing was
employed following implantation, the sample was pro-
cessed in a vacuum furnace containing a forming gas
atmosphere. Initially the sample was heated slowly to
500 °C in a cooler zone of the furnace, to drive off water
vapour. Then it was moved into a 1000 °C zone for 10
min, after which it was moved to cool down in the inert
gas flow.

Laser annealing was undertaken at an Excimer laser
wavelength of 193 nm using a Lambda Physik Compex

Table 2
Schedule of ion-implantation

system, which delivered an average fluence of
100 mJ cm™? to the sample film per pulse. A pulse
repetition rate of 1Hz was used in this study to irradiate
a given sample for periods of 50, 100 and 200 s.

An RF plasma etch using an 80% argon:20% oxygen
gas mixture was used to etch the implanted sample films
in an attempt to reveal a fresh surface containing dopant
atoms which could then be hydrogen passivated. During
the RF etch treatment, the sample films were exposed
to a power level of 200 W at a base pressure of 30 torr
for 30 min; the temperature of the sample did not exceed
60 °C during exposure.

Hydrogen plasma treatment of the films was per-
formed in a MPCVD reactor at a power level of 1 kW,
at 30 torr and with the substrate maintained at a temper-
ature of 500°C. Based upon an earlier study that
recorded the change in field-electron emission with
plasma exposure, using undoped CVD diamond, the
exposure time adopted was 25 min.

Surface analysis was carried out using a Renishaw
2000 Ramanscope system, and a JEOL 6400 Scanning
Electron Microscope (SEM).

The field-emission studies were conducted using a
dedicated vacuum pumping station, that could achieve
a base pressure of 2x 1077 torr, and which was linked
to a glass diode test cell. Current—voltage measurements
were recorded using a 3mm (o0.d.) copper rod anode.
Images of the electron emission could be generated by
replacing the copper anode with an ITO screen spaced
away from the diamond film by glass fibre spacers. A
CCD camera was used in combination with a PC-based
video capture card to acquire pictures of the emission
sites. Current-voltage and stability measurements were
recorded using a menu-driven program written in
Qbasic. The control software performs voltage ramping
cycles over a chosen range and then stores the current,
voltage data to disk. A second Qbasic program was

Sample Ion species Nucleon energy Dose Anneal Maximum concentration
(keV) (x10%3cm™?) (x10%cm™3)
TW3 UBFS 50 0.158 No RTA 50
40 0.635 (flat profile)
30 0.122
20 0.105
TW4/1 UBFS 2000 0.73 RTA 10
1900 0.745 (flat profile)
1800 0.813
1700 0.819
TW4/2 UBFY 2000 0.73 No RTA 10
1900 0.745 (flat profile)
1800 B (41
1700 0.819
NEW2

10BFF 18.75
NRL 5K80 — -

10.5 . No RTA 45.52
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Table 3

Voltage thresholds for field-emission recorded with a 20-ym anode—cathode gap

Sample Untreated After laser anneal + After Ar/O, etch+ After coating
H, passivation H, passivation with gold

W3 10V yum™! 20V pum™? destroyed 14Vpum~!

New2 46V uym™~! 22V um™! 17Vum~t not treated

TW4/1 22V um~* not treated destroyed 39Vpum~!

TW4/2 13Vpm~! 23 Vum~! destroyed 48 Vyum™!

NRL 5K80 . - 16Vpum™! not treated 36 Vum™! 40V um~1!

then used to process the experimental data to compute
the threshold voltages and currents and to plot I-V and
Fowler—Nordheim graphs.

Voltage-current data recorded prior to surface treatment with
an anode-cathode gap of 20 microns.
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Fig. 3. Electron emission from the untreated films showing that the
lowest voltage threshold is exhibited by the highly twinned, low energy
boron-implanted film, TW3.
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3. Experimental results

3.1. The effect of surface treatment upon field-emission
threshold

The threshold fields given in Table 3 are the values
obtained for an applied voltage ramp up and are the
average values obtained from three different test areas on
a given sample film. Surface treatment was found to
degrade the emission performance of the highly twinned
material and to show significantly more structural
damage to the surface region. The data listed for the laser
annealing treatment was obtained with the 100 s exposure
level which gave the least degradation in threshold for
TW3 and TW4. Under the same conditions New?2
recorded a significant reduction in switch-on threshold
and an enhanced emission current, rising from 4 x 106
to 500 x 107° A at 70 V pm. The highly twinned material
was almost completely consumed during the argon
plasma treatment while the reference samples showed
little physical change. Fig. 3 gives typical current-voltage
characteristics for the untreated films. Fig. 4 presents data
on New?2 following successive surface treatments. Fig. 5
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Fig. 4. Field-emission plots for different treatments performed on sample New?2,



N.A. Fox et al. | Diamond and Related Materials 6 (1997) 1135-1142

6E4 - .. - - -
7.8 i
-8.8 10
SE-4 .9.8 }
E -10.8 §
E -11.8 H
4E-4 §' -12.8 {
-13.8 ‘
i 148 /\’/\/‘\0;
=
S 3E4 «16.8 i i
E _
=
o
264
164 —e— Untreated
—a— laser anneal for 100s
—3- laser anneal for 200s
-~ GOkt coating
0E+0 -t ki, AU
0.00
Appked Voltage;(kV)
BE-O4 po . e }
1000/V
6 : i
5E-04 7 \M‘i 5 7 g
s 8 |
2 |
4504 = !
&0l LW |
- untreated | !
< 11 SRR |
£ o a2 b |
=4
3
o —
2E-04
~a— Untreated i
~de GO coated }
1E-04 ~m- laser annealed for 1005;
—e-— laser annealed for 200s,
0E+00

@)

0.00 0.50 1.00 1.50 2.00 250

Applied Voltage;(kV)

Fig. 5. Field-emission plots for different treatments performed on TW3 and TW4.
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Fig. 6. Image of FE sites on TW3 sample viewed with: (a) room lighting off; (b) room lighting on.
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presents data obtained for the highly twinned samples
following surface treatment. The distribution of emis-
sion sites that can be achieved with TW3 material is
illustrated in Fig. 6. These images were taken at 1850 V
using a diode configuration with a 50-um gap. The
sample is about 0.3 cm? and the integral emission cur-
rent was 0.65 mA. The resolution of these CCD images
was not sufficient to allow a determination, by image
processing techniques, of the number of active emission
sites. However the distribution of emitters contributing
to the integral emission current was very uniform.

3.2. The effect of surface treatment upon the Raman
diamond line-width

It has been suggested that the field-emission behaviour
of a given diamond film may be inferred from its
characteristic linewidth [10]. The most promising surface
treatment in terms of its ability to modify the linewidth
was the Excimer laser irradiation which facilitated a
reduction in the 1332 cm™! linewidth for the highly
twinned material as well as for New2. However it should
be noted that all of the surface treatments on TW3
produced a narrower linewidth than the untreated mate-
rial. The half width half maximum values given in
Table 4 should be compared against the measured half-
width half maximum value obtained for a natural (Ila)
diamond of 2.08 em™! at 1332.3 cm™!. The peak posi-
tion for the diamond line measured for each material is
detailed in the table in brackets.

3.3. Analysis of emission sites following field-emission
measurements

It has been previously reported that CVD films are
prone to dielectric breakdown and that this results in
irreversible changes to the surface texture. The initial
current—voltage "hysteresis” exhibited by some films can
be attributed to this surface disruption. For the twinned
CVD films measured here it has been found that rather
than the electron emission causing cratering, grain sized
"blind” holes, 1-2 ym in diameter were punched into
the film. This was found to occur for field-strengths
above 60 V um™*. No evidence of surface damage could
be detected on sample New2, but the surface of the

NRL sample did show some localised changes. Most
notable was the appearance of clusters of particles on
crystal facets that had been situated within the zone of
influence (~ 100 um) of an area tested for field-emission.
Fig. 7(a) shows a region of the sample that contains an
emission site. In Figs. 7(b) and 7{(c) the particles that
appear on crystal facets in the emission site region are
clearly seen.

4. Conclusions

In general it was found that the laser annealing surface
treatment was effective at reducing the defects present
within a given CVD film.

However, in the case of the twinned diamond films,
this improvement in diamond quality was gained at the
expense of an increase in the applied electric field
required to initiate electron emission.

By comparing the electron emission performance of
TW4/1, the RTA sample, with TW4/2 which had been
laser annealed, it can be concluded that the laser annea-
ling at 193 am has a similar effect upon the diamond
film surface as the RTA treatment. This suggests that
the defects introduced by the ion-implantation process
have not been completely removed by the laser annealing
of TW3. These observations would suggest that the
amount of non-diamond material included in the highly
twinned film during growth needs to be more carefully
controlled.

The Raman studies show that the high quality, free-
standing sample New2, responds better to post-implant-
ation annealing than the lower quality TW3 material.
New?2 is irradiated with a lower implantation energy,
but owing to the dopant concentration being about the
same as TW3, this difference could not be attributed to
the implantation profiles.

In the case of New2, it would appear that initially
field-emission is being induced from a sub-surface
region. Following laser annealing, the defect density due
to the implantation damage is observed to be reduced.
Contact measurments show the surface conductivity of
the sample to be significantly improved compared to the
untreated material. Therefore, it would appear that the
improvement in the electron emission can be attributed

Table 4
Raman “diamond” linewidths for the sample films

Untreated After laser anneal After laser anneal+ H, passivation After coating with gold
TW3 3.66.cm™* (1332.7) 2.70 cm ™! (1333.5) 3.35em™! (1333.3) 3.55cm™! (1332.8)
Twd/1 4.18 em™1 (1333.3) Not treated Not measured Could not be fitted
TW4/2 3.94cm™* (1330.3) 2.03cm™! (1332.2) Not measured 549 cm™! (1332.2)
New2 3.99cm™! (1332.2) 2.19ecm ™! (1332.7) Not measured Not treated

NRL 5K80 2.05em™* (1332.2) Not treated

Not measured 2.03em™! (1332.2)
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Fig. 7. SEM pictures of NRL5KS80 showing: (a) regions of high and low secondary electron emission; (b) 1kV, x 1000 image of facets in a
field-emission site; (¢) 17.5kV, x 5000 image of the particles that dress the facets in a field-emission site.

to the efficient activation of the implanted impur-
ities. The further enhancement in emission threshold
following the argon/oxygen etch, suggests that the new
surface is closer to the impurity level in the film allowing
more efficient ejection of electrons into the vacuum.

The New?2 material is also found to be less susceptible
to dielectric breakdown effects than the other CVD
samples.

The NRL S5K80 sample exhibited a degradation in
electron emission performance which upon inspection
seemed to be associated with the appearance of particles
on crystal grains that resided within the general area
from which field-emission was recorded. Considering
the high quality of this sample film it has not been
possible to ascertain the mechanism by which this
degradation occurs.
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