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ARTICLE INFO ABSTRACT

The H-terminated surface of diamond when activated with NO, produces a surface conduction layer that has
been used to make field effect transistors (FETs). Previous reports have suggested that during NO, exposure
(NOs-activation), NO,~ forms on the diamond surface and generates positive carriers (holes) in the diamond,
making the diamond surface conductive. We report here on X-ray-photoelectron-spectroscopy (XPS) surface
characterization of single crystal diamonds and on infrared absorption of diamond powder. After activation, XPS
showed the presence of N atoms on the diamond surface, but infrared absorption found no evidence of NO, ~, but
instead NO3 ™~ is present on the diamond surface.

Two wet chemistry techniques determined the concentration of NO3;~ per milligram of diamond powder.
With the powder's surface area measured by the BET technique, the surface NO3; ™~ concentration was measured
to be between 6.2 x 10" and 8.2 x 10'3cm ™2 This is in the same range as the carrier densities, 3 x 10'3 to
9 x 10'® cm ™2, determined by Hall mobility and surface conductivity measurements of single crystal diamonds.
Using similar techniques, the concentration of NO,~ was determined to be < 10*2cm ™2

Both the surface conductance and the surface H atoms are stable in dry nitrogen, with or without NO,-
activation, but the surface conductance, the concentrations of H atoms both with and without activation and
NO;~ decrease when exposed to laboratory air over a period of hours to days. Infrared absorption measurements
showed the reduction of surface NO;~ and H atoms during laboratory air exposure, but gave no indication of
what reactions are responsible for their loss in laboratory air.
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1. Introduction

When the surface of diamond is covered with H atoms (H-termi-
nated) the diamond becomes conductive when exposed to air [1]. This
conductivity is further enhanced when covered with a layer of a high-
work-function material (activation) by transfer doping [2,3]. Im-
pressive field effect transistors (FETs) have been made, using this
conductive layer with current densities > 1 A/mm [4,5], a wide op-
erational temperature range, —263 (10K) to 400 °C [4], high-voltage
operation > 1kV [4,6], and high maximum frequency of oscillation,
fmax, ~100GHz [7,8]. Of all the high-work-function activation com-
pounds, MoO3 [9,10], V503 [9,11] Al,O3 [4], and others, the gas, NO,,
gives one of the lowest surface resistances ~700 Qsq ™~ 1 [12]. However,
during FET fabrication, the surface resistance increases by nearly an
order of magnitude to ~5kQsq L Still, to date NOy-activated dia-
mond FETs exhibit the highest drain current ~ 1.3 A/mm [5,8]. This
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article discusses the chemistry of NO,-diamond activation and how it
impacts the surface conductance.

NO, was first identified as being capable of activating diamond at
concentrations as low as 5 to 10 parts per billion (ppb) [13,14]. Natural
concentrations of NO, in air is from 20 to 60 ppb [15], and along with
other atmospheric components cause the H-terminated diamond sur-
face to become conductive over tens of minutes. Unsurprisingly, at-
mospheric activation is inconsistent and unstable in time as other at-
mospheric components (NHs;, organic amines etc.) will deactivate
diamond or irreversibly react with the diamond surface, increasing the
surface resistance to > 10kQsq ™. Kasu et al. suggested two mechan-
isms for NO,-activation. In the first mechanism, NO, pulls electrons out
of the diamond to form the conductive hole layer and NO, ™~ [16,17]. In
the second mechanism, some unknown reaction occurs on the diamond
surface, forming a negative surface charge, not NO, ™, and hole con-
duction in the diamond [18]. We favor the latter of the two models.
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Fig. 1. X-ray photoelectron spectroscopy (XPS) of a single crystal (100) H-terminated
NO,-activated diamond. The electron intensity peaks are labeled with their corresponding
elements. The silicon peak is believed from impurities incorporated into the diamond
during growth.

Using x-ray-photoelectron-spectroscopy (XPS), Fourier-transform-in-
frared-spectroscopy (FTIR), wet chemical analysis for NO,~ and NO3
and electrospray mass spectrometry (ESMS), we found no evidence of
NO, ", but instead found concentrations of NO;~ matching the surface
hole concentrations, 3 x 102 to 9 x 10'®cm ™2 as calculated from Hall
mobility and surface conductivity. Additionally, the NO, reacts with the
hydrogen atoms on the H-terminated diamond surface, removing be-
tween 25 and 75% of them. While it is believed that the presence of
NO3~ is a necessary condition for diamond hole conduction, it is un-
known what impact the removal of H atoms has on the conduction or
what replaces it in the areas where hydrogen is removed.

2. Experimental procedure and characterization

Several characterization tools have been applied to characterize the
effect of NO, on H-terminated diamond.

2.1. XPS

XPS of H-terminated, NO,-activated (100) diamond is shown in
Figs. 1 and 2. The diamond was etched in molten NaNO, H-terminated
and NO,, activated as described by Wade et al. [19]. These results are
similar to those of Kasu [18] with O and C atoms covering most of the
surface, but no indication of N atoms. However, on closer examination
of our diamond there is a weak N signal, Fig. 2. From the ratio of the
areas, using a Mg anode target and the sensitivity factors for the Perkin
Elmer model 5500, the concentrations of C:O:N respectively, M;, were
68.6%, 29.7% and 1.7%. Neglecting the O concentration and assuming
all the N atoms are on the diamond surface, the concentration of N
atoms in monolayers, Oy, is estimated by [20].

0 —nxdpig
X exp| ———24
Z"=O P [ Apia*cos(p) ]

-1

=My, _ exp[ﬂ] ,
Mc Apia*cos(gp)

My and M are the concentrations of N and C atoms; dp;, is the

®N=
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Fig. 2. XPS over the binding energies assigned to nitrogen. The integrated area under the
peak associated with N is 1.7% of the combined areas of O, N and C. Carbon area is 68.6%
and O is 29.7%.

spacing between two (100) planes, 0.357 nm; take off angle, ¢, is 45°;
and Ap;, is the electron attenuation length, EAL, of Cls electrons,
~1.74nm at an electron energy of ~970eV [21]. The estimated N
coverage is 0.098 monolayer or 1.5 x 10 em ™2

After XPS characterization, the sample's resistance was 7 kQ2sq™~
with a Hall mobility of 30cm?V~'s™! giving an estimated carrier
density of 3.0 x 10" cm ™2 Assuming each N atom represents a ne-
gatively charged molecule that generates a hole, the XPS-estimated N
surface density is within an order of magnitude of the carrier density.
The peak associated with O is likely from absorbed H,O and CO, and
chemically bounded OH and CO. All of which appear in the infrared
spectrum discussed below. Although, H>O and CO, individually have
been shown not to contribute to surface conduction [8], they may in-
crease conductance in combination with other components.

The XPS measured binding energies are 283.9 eV for C and 399.1 eV
for N. The binding energy for C is consistent with a H-terminated dia-
mond surface [22]. However, the binding energy for N is consistent
with cyanides, CN, and not for the binding energies of nitrites, NO5 ",
404-405 eV or nitrates, NO3 ~, 407-408 eV [23]. Since we see only N in
the form of nitrates as discussed below using FTIR, we speculated that
XPS emission from nitrates is shifted by a negative potential locally on
the surface where the nitrates are absorbed compared to the bulk of the
diamond.

1

2.2. Infrared absorption by FTIR

XPS is a powerful technique, but does not have the ability to ac-
curately determine surface concentrations and molecular structure at
low surface concentration levels, 1 x 10'?2cm ™2 Another approach,
infrared absorption with FTIR of diamond powder was used. It has
sensitivity to surface concentrations of <1 x 10'>cm™2 depending
upon the diamond powder's surface area per gram and the infrared
optical cross section of the surface component. Diamond powder, 0 to
0.25, formed from high-pressure high-temperature (HPHT) diamonds,
washed with 1 to 1 HCI and H,0,, heated to 525 °C in air for > 15h,
and stored in dry N, was used as the starting material. Figs. 3 and 4
show a wide distribution in particle size. H-termination was accom-
plished by first evenly dispersing 60 to 100 mg of powder in a 2.5 cm
circle centered on a 2.25 X 2.25 x 0.025-inch Al,O; plate. H-
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Fig. 3. Scanning electron micrograph, SEM, of a thick layer of diamond powder on a Si
wafer.

Fig. 4. SEM of diamond powder dispersed on a Si wafer showing a large range in particle
sizes.

termination in a 100%-H, 6 -kW plasma [19] proceeded by first de-
gassing the powder at 90 Torr (12kPa) of H, to generate a diamond
powder surface temperature > 1000 °C for 10 min, as shown in Figs. 5
and 6. This is followed by a 1 h H-termination process at 60 Torr (8 kPa)
of Hy. The chamber pressure reduction expands the plasma, reduces
both the heat flux, and the temperature from > 1000 °C to between 820
and 870 °C. After H-termination, the power's surface temperature is
gradually reduced such that the plasma is still present when the surface
temperature is < 400 °C. The powder was then exposed to NO, at room
temperature and pressure for 20 min. The NO, was generated from
concentrated HNOj reacting with copper turnings. A video walk-though
of NO,, activation is shown in reference 19. The activated powder was
then placed in a chamber of flowing dry N, for at least 10 min to re-
move excess NO, vapor and minimize any condensation of water. Then
1 or 4 mg of the powder was removed for FTIR measurements.

FTIR was performed by using a common procedure [24] of mixing
either 1 or 4 mg of diamond powder with 50 mg of infrared transparent
potassium bromide, KBr. The mixture was then pressed to form a pellet
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Fig. 5. Top-down image of diamond powder during H-termination.

Fig. 6. Side view of diamond powder during H-termination. The powder has a surface
temperature of ~1000 °C. Temperature was determined by an optical pyrometer taking
the ratio of light intensities at 2.2 and 2.4 pm.

and infrared absorption of the pellet was measured using FTIR. Special
precautions are required when using powdered diamond to obtain
usable pellets as described in the supplemental material. Fig. 7 shows a
typical FTIR spectrum with the majority of the measured absorption
due to scattering of light by the powder and not by actual infrared
absorption. Light scattering losses can be compensated for by fitting the
absorption to a smooth curve and subtracting it from the measured
absorption. For the data shown here the compensation was accom-
plished by a commercial baseline correction software [25], using the
“rubber band” procedure as shown in Figs. 7 and 8.

Fig. 8 shows the resulting absorption data as the smooth curve is
iterated with a higher degree of compliance to the measured absorption
and thus removing other scattering artifacts, but it can also remove the
actual infrared absorption peaks. Iterations > 50 can remove broad ill-
defined absorption peaks entirely [25]. Adsorbed H,O, which has a
wide optical absorption from 3600 to 3100 cm™' [26,27], is such a
peak. FTIR reduced data shown here have 17 iterations unless other-
wise stated. Fig. 9 shows FTIR spectra of starting and H-terminated
diamond powder. The absorptions for O—H, C—H and C=O0 are as-
signed to be stretching vibrations at or near 3780, 2928-2840 and
1765 cm ™~ ! respectively and we tentatively assign the absorption peaks
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Fig. 7. Typical FTIR absorption of a diamond-powder KBr pellet in red and the first
“rubber band” correction iteration in black. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. First “rubber band” correction iteration from Fig. 7 in dashed black and resulting
reduced absorption curves with further iterations. Some of the absorption peaks are la-
beled with the molecules responsible for the infrared absorption.

at 770 and 726 cm ™! to C—H bending vibrations. The absorption near
2400cm ™' is an artifact from atmospheric CO, and not from the
sample. Upon H-termination the O—H at 3780 cm ™ is gone and G—H
absorption is dominant, showing that the diamond surface is indeed H-
terminated. A higher resolution spectrum of the C—H stretching vi-
bration absorption is shown in Fig. 10. Also shown are wavenumber
assignments of H-terminated diamond from the literature with crystal
planes, hydrogen-carbon bonding structures (C—H or C—H,), wave-
numbers, and references. Some controversy still exists on how H is
bonded to the diamond surface [33], which is not addressed in this
article.

Upon hydrogen termination, the surface is initially highly resistive
(> 20MQsq ™), shifting to 10-20kQsq ™" over tens of minutes in
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Fig. 9. Absorption spectrum of starting and H-terminated diamond powder. The data has
100 iterations of the baseline correction to emphasize the O—H and C—H spectrum. This
minimizes the broad absorption peak of adsorbed water.
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Fig. 10. A high-resolution, 2cm~?, of C—H absorption spectrum, of H-terminated dia-
mond powder with 17 iterations of the baseline correction. From the literature, crystal
planes, atomic structures responsible for the absorption, wavenumbers, and references
are shown. [a] Ref [28], [b] Ref [29], [c] Ref [30], [d] Ref [31], and [e] Ref [32].

laboratory air. The exact magnitude of the resistance is observed to be
dependent on uncontrolled atmospheric factors. In particular, we have
correlated resistivity variations of 7-10kQsq~! with air handler cy-
cling.

H-termination by H, plasma is sensitive to low concentrations of
CH,4 and O,. The addition of 0.25% of CH, to the H, during termination
reduces the C—H concentration as measured by FTIR by half and
roughly triples the surface resistance on single crystal diamonds [19].
Oxygen can both increase or decrease C—H concentration depending on
the presence of a carbon source in the plasma chamber. To improve
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Fig. 11. Absorption spectrum of diamond powders, for H-terminated and H-terminated
and NOy-activated. The data has 100 iterations of the baseline correction to emphasize
the O—H, C—H, and NO3~ spectrum. No absorption for NO,~ is observed at its assigned
wavenumbers, 1270 and 2557 cm ™! [36,37].

reproducibility, the microwave plasma diamond deposition system is
cleaned with a H,-O, plasma for an hour to remove carbon deposits
from chamber walls and substrate fixturing that can form during the
epitaxial growth prior to H-termination.

The effect of NO,-activation on H-terminated powder is shown in
Fig. 11, comparing H-terminated powder before and after activation.
The C—H vibration is significantly reduced and absorption at
1380 cm !, which we assign to NOs~ [34,35] appears. Arrows in the
figure show where NO,~ would appear [36,37] if it were present. Al-
though many such spectra have been acquired, no indication of NO, or
NO,~ has ever been found. Upon NO,-activation a sudden and large
reduction of resistance occurs. However, others have reported after-
wards even in N, the resistivity increases and the charge carrier density
decreases in some cases by ~50% in 5h. This is attributed to NO,™
losing its electron to the diamond and evaporating as a gas [14,38].
Reported here the FTIR data shows that NO;~ (Fig. 12) and C—H
concentrations in dry N, remaining constant for 75h, > 3 days. The
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Fig. 12. Absorption spectrum of diamond powders for H-terminated, H terminated and
NO,-activated, and H-terminated and NO,-activated after > 3 days dry in N, all with 17
iterations of the baseline correction. The absorption peak at 1380 cm ™!
NO, ™.

is assigned to
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Fig. 13. Conductance of H-terminated NO,-activated diamond powder as a function of
time in dry N,. The resistance of starting (no H-termination), NO,-activated starting, and
H-terminated diamond powder are also shown for comparison.
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Fig. 14. C—H absorption spectra of diamond. H-terminated and H-terminated and NO,-
activated for several times after activation, all with 17 iterations of the baseline correc-
tion. The powder was exposed to laboratory air after activation.

resistivity of the same powder is also constant over the same period
(Fig. 13). If the powder is exposed to laboratory air, both the NO; ™~ and
C—H concentrations decrease in time, as shown by Figs. 14 and 15. We
found the resistance of single-crystal H-terminated NO,-activated dia-
monds is stable in dry N, for days but increases in laboratory air [19].

The infrared signature of C—H decreases with NO,-activation as
shown at higher resolution in Fig. 16. Previous experiments, not re-
ported here, show the C—H absorption peaks at 2850 and 2950 can vary
independently, indicating that the peaks are from different crystal
planes or different C—H structures. To within the experimental accu-
racy, NO-activation appears to affect both absorptions regions equally.
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Fig. 15. NO3~ absorption spectra of diamond powder H-terminated and NO,-activated
for several times after activation all with 17 iterations of the baseline correction. The
powder was exposed to laboratory air after activation.
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Fig. 16. High resolution, 2 cm ™!, C—H absorption spectra of diamond powder H-termi-
nated and after an extended activation, 54 h in NO, both with 17 iterations of the baseline
correction.

While the C—H absorption continues to decrease after activation in
laboratory air, Figs. 14, 17 and its insert show that C—H absorption and
surface conductance of single crystal diamond with no activation also
decreases in air. When controlling the ambient environment (dry N)
hydrogen termination is stable over extended periods, measured over
weeks and anecdotally observer over years. Since the O, N5, and H,0,
the major components of air, are expected to be unreactive, some other
trace component is probably responsible.

2.3. Absolute measurement of NO3~ and NO,~

To estimate the surface concentration of NO3;~ on H-terminated
powder surface after activation, two measurements were performed.
The concentrations of NO3;~ and NO,~ per mg of activated powder
were determined by wet chemical analysis [39] and electrospray mass
spectrometry (ESMS) [40]. The H-terminated powders were activated
and 60 to 100 mg of the powders were washed in 1.5ml of 0.1 M
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Fig. 17. C—H absorption spectra of two diamond powder H-terminated samples not ac-
tivated. One is kept in dry N, and the other in laboratory air. The insert shows the re-
sistance of a (100) single crystal H-terminated diamond in laboratory air as a function of
time.

NaHCOs5 solution to remove the NO3~ and NO, ™~ into the wash water.
FTIR of the washed powder showed > 90% of the NO3~ was removed
by washing. The powder was allowed to settle out of the wash water
over several hours and 0.1 ml of the wash solution was then diluted 9:1
with DI water and characterized by commercial chemical color kits
obtained for NO3~ and NO, ™. These kits are commonly sold in aqua-
rium and pet supply stores. Some kits require a pH adjustment with HCl
to compensate for the NaHCOs3. The kits work by reacting NO,~ with an
amine to form a colored dye. For NO3~ the first step is to reduce the
NO3 ™ ion to NO, ™~ and the resulting NO, ™ is detected as before [39].
The kits have color charts, but using a simple spectrometer and cali-
bration solutions of NaNO3 and NaNO, a two-digit concentration of
NO3~ was obtained. The remainder of the wash solution was analyzed
by ESMS. Typical ESMS mass spectrometer data of the wash solution is
shown in Fig. 18. Our ESMS cannot measure the concentration of
NO, ", but both the wet chemistry and ESMS agreed to within 30% for
the concentration of NO3; ™. The chemical kits found no evidence of
NO,~ and set a lower surface concentration limit of < 10'2cm ™2, at
least 60 times less than the measured surface concentration of NO3; ™.
The surface area of the diamond powder was determined to be
47.3cm®mg ! by a (Brunauer, Emmett and Teller) BET process using
N, [41]. From the diamond powder surface area and the NO3;~ con-
centration the surface concentration of NO;~ was calculated to be
8.2 X 10*NO3;~ cm™2 by the kits and 6.2 x 10'*NO3~ cm ™2 by
ESMS, which is within the same range as the measured carrier densities,
3 x 10" to 9 x 10'® ecm ™2, made on single crystal diamonds [19].

3. Discussion
3.1. Experimental data interpretation

In all these experiments, no indication of NO,~ has been found,
only NO3 ™. It is known that NO, will react with the matrix material,
KBr, used for FTIR measurements to form NO3 ~salts [42]. NO3 ™~ is seen
in FTIR measurements of just KBr exposed to NO, gas as discussed in
the supplemental material. It is possible that the NO3~ absorption is the
result of residual NO,, gas after activation reacting with the KBr matrix.
To address this possibility, FTIR measurements were made from the
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Fig. 18. Electrospray mass spectrometry (ESMS) data of water used to wash NOj-acti-
vated diamond powder.

same H-terminated activated diamond powder 5 min and > 3 days after
activation. The NO;~ absorption measurements at 1380 cm ™' were
identical to within experimental error, Fig. 12, making it unlikely that
residual NO, gas is responsible for the NO; ™~ absorption.

A second possibility is NO,~ on the diamond surface might react
with the KBr to form a NO3 ™ salt. This possibility is also unlikely since
the wet chemistry experiments have detected NO3; ™, but no NO, ™. It
seems that the most likely model is that NO3~ formed on the diamond.

3.2. Modeling reactions to form NO3~

Two mechanisms are occurring during activation with NO,. One
where NO, reacts to form NOs; ™~ and a second reaction where the C—H
optical absorption between 2800 and 2980 cm ™' is suppressed, pre-
sumably by NO, reacting with the H atoms. NO, is a radical with an
unpaired electron that forms a dimer N,O,. At room temperature and
pressure, the equilibrium partial pressures of NO, and N,O, are about
equal [43]. The first reaction is likely the result of electrons from the
diamond onto N5Oj,.

N;O4 < 2:NO, (@]
N204(gas) +e - NO;_ + No(gas) 2)

Once NO; ™ is formed, the positive holes are stable near the dia-
mond surface and the diamond can become conductive. A second re-
action that can remove H from the diamond surface is;

‘NO; + C-H —» HNO, + C 3)

Such reactions have been reported but usually occur for H atoms on
carbon atoms double-bonded to another carbon atom [44]. The reaction
that removes H saturates in minutes as indicated by optical absorption
of C—H for different times of activation. The H—C absorption is reduced

Table 1
Measurements of diamond surface concentrations correlate with carrier density.
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but never completely removed. Additional NO, exposure for 54h,
Fig. 16, shows that the optical absorption of C—H remains. At present
the reactions of NO, with the H surface of diamond are poorly under-
stood and this reaction could be as important as the formation of NO3 ™~
to diamond's surface conduction.

The NO;~ has several optical absorptions peaks [34,35]. Two are
unresolvable in-plane vibrational modes near 1380 cm ™, which occur
at the same wavenumber if the molecule is planar. NO3~ has an ad-
ditional out-of-plane vibration at ~830 cm ™!, which is either not ob-
served or only appears as a very weak absorption peak. This mode does
appear when the diamond powder is replaced with NaNO3 or when KBr
is exposed to NO, and forms NO3 ™~ as shown in the supplemental ma-
terial. It is speculated that the out of plane vibration is damped by the
one-sided electrostatic force between the NO; ™ and the positive charge
in the diamond.

4. Conclusion

Several groups report [5,8,14,16,17,19] that NO,-activation gen-
erates an initially low resistance that increases with time. It has been
proposed that the resistance increases as the NO, evaporates. However,
using infrared absorption measurements, we observe no NO, or NO, ™~
on the diamond surface, but instead NO3; . The resistance and NO3; ™~
and H concentrations on the surface remained constant with time while
kept in dry N,. When exposed to laboratory air, the resistance increases
and both NO; ™~ and H concentrations decrease. Some chemical reaction
with components in air is modifying the diamond surface and in-
creasing its resistance. Efforts are ongoing to implement a method to
isolate the conductive, activated surface from atmospheric contamina-
tion.

This report uses FTIR and chemical analysis results on powdered
diamond, 0 to 0.25pum, implying the same chemistries are occurring
on, > 3mm on a side, (100) single-crystal diamonds. Single crystals
have a well-defined crystal plane, (100) in this work, while the dia-
mond powder has a stochastic distribution of crystal planes as indicated
by the C—H absorption shown in Fig. 10. Single crystal diamonds be-
come conductive when exposed to NO, independent of the crystal
planes, (100), (110) and (111), [12]. Both the powder and single crystal
diamonds exhibit a significant decrease in resistance when activated in
NO,. It does not appear unreasonable to assume that H-termination and
activation chemistries are the same for powder and single crystal dia-
monds.

Three disparate measurements of nitrogen surface concentration as
measured by XPS on single crystal diamond, Fig. 2, by ESMS on dia-
mond powder, Fig. 18, and by an analytical wet chemistry (aquarium)
kit, all agree to within a factor of 3. Additionally, these measurements
of diamond powder and single crystal diamond agree within a factor of
3 with Van der Paw-Hall measurements of carrier density (holes) of
activated single crystal diamonds (Table 1).

An exact correspondence between the surface NO3~ and the cal-
culated hole densities is unlikely. The BET surface area assessment of
powder is typically + 10% [41]. The variation in hydrogen density on
varied crystal planes present in the powder [12] implies a possible
variation of NO3~ of + 17%. Analytical chemistry and ESMS are re-
presented to be accurate within = 10%, giving a total accuracy
of + 22% with respect to the single crystal values. Variation of the N

Method Carrier density (em™2) NO3;— (em™?) N (cm ™3 NO,™ (ecm™?)
Single crystal Van der Paw-Hall 6 + 3x10"

XPS 1.5 x 10"
Diamond powder ESMS 6.2 + 1.4 x 10

Analytical chemistry 8.2 + 1.8 x 10'® <1x 10
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concentration determined by XPS is from the inconsistency of the
measured and EAL of Cls electrons, (0.58-3 nm) [47]. Tanuma et al.
[21] reported a 70% RMS variation in diamond's ELA where most other
elements have variations of 10 to 20%. So, no estimate of the accuracy
of the XPS measured nitrogen concentration is shown. The drift mobi-
lity, which is preferable to Hall mobility to obtain the hole density, can
differ from the Hall mobility by several tens of percent [45].

One of the properties of NO,-activation is the removal of H from the
diamond surface. How that affects the surface conduction is unknown.
Other compounds that increase the surface conductance, O3 [14],
(NH,4)3Cs(NO3)g [19], V505 [10,46], MoOs [9], WO3 [48] ReOs [48]
are all oxidizers as well as electron acceptors. To our knowledge, the
surface chemistry of these compounds has not been investigated.
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