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Abstract: Diamond offers great promise as a solution to some of the limitations of current state of
the art semiconductor technologies. Yet, significant challenges associated with the doping process
remain a primary impediment to the development of diamond-based electronic devices. At present,
it is unclear which simple measurement methods are needed to evaluate the diamond doping process.
We propose non-destructive inspection methods for evaluating the polycrystalline chemical vapor
deposition (CVD) diamond doping process, by analyzing the wettability, optical absorption,
photoluminescence emission spectroscopy and atmospheric scanning electron microscope (Air-SEM)
tests. Our results show that the properties of the measured samples are distinctly changed due to the
presence of the doping elements, thereby confirming the effectiveness of these non-destructive
methods for the diamond production industry.
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1. Introduction

Diamond exhibits outstanding properties that make it a material of great interest for the
semiconductors industry. The industry requires a silicon alternative, that can enable the devices to be
smaller, cooler, faster and more powerful. Diamond, as a wide-band semiconductor (5.45 eV), can
provide an attractive alternative. Diamond exhibits superior properties, such as: excellent thermal
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conductivity, high voltage break down point and fast electron-hole mobility [1,2]. However, the
intrinsic carrier concentration of diamond is very poor and the resistivity of pure diamond can
exceed 10" Q-cm (at room temperature) [2]. Therefore, diamond is a semiconductor that must be
incorporated with extrinsic dopants, such as nitrogen, phosphorus and boron, in order to reduce the
electrical resistivity. With the advent of diamond doping processes [3], the metrological process
needs to include an understanding of the diamond doped properties and the possible sources of real
time production errors. Diamond metrology challenges include the measurement of surface
properties, defect density, homogeneity and composition.

Wettability is a surface property that depends on solid/liquid surface tension and is a very useful
tool for getting information about the influence of doping on surface energy. According to
wettability theory, solids with high surface tension values should cause high liquid spreading, while
solids with low surface tension should cause low liquid spreading. The water contact angle (WCA) is
a surface property, and is the basis of a very useful technique for estimating the solid surface tension
properties.

Currently, there is a lack of simple and reliable methodologies for simultaneous investigation of
relationships between the nature of diamond doped materials and wettability properties. According to
the literature, diamond solids have high surface tension values that should cause high water
spreading [4]. However, when a bulk of diamond is doped, the WCA can be influenced by the
doping materials [5]. Several factors can influence the wettability of diamond materials, including
the thickness of the diamond layers, crystal defects, chemical modification, doping, electron affinity
and surface roughness [5-7].

The scanning electron microscope (SEM) is a tool commonly used for obtaining nanometer
spatial resolution images of the topography, chemistry and dopants mapping [8-10]. Electron
microscopy is a favored alternative among the available dopant profiling tools. Two-dimensional
dopant profiling is an essential analytic method in semiconductor fabrication. Electron microscopy
settings, however, occur at normal vacuum conditions in a vacuum specimen chamber or in gaseous
environment specimen chamber environmental scanning electron microscope (ESEM), and limit the
size of samples [11,12]. Contactless, non-destructive methods that do not require special treatments
for unlimited sized samples are therefore required.

Air-SEM is a scanning electron microscope system that operates at ambient conditions and is
capable of measuring insulated, non-coated samples without any size limitation [13]. The
atmospheric environment dissipates charge that builds up on the specimen, allowing unaltered
specimens to be imaged in their native environments without charging effects. Furthermore, the
absence of a specimen vacuum chamber provides easy access to unlimited sizes of the samples. This
makes the Air-SEM imaging technique a powerful tool for real time non-destructive testing during
diamond process fabrication.

Exploring optical properties is an important metrological tool for understanding diamond
synthesis. There are a number of excellent works on the optical properties of diamond [14-17]. The
real time study of the different spectra spanning from ultraviolet (UV) to infrared (IR) can tell us
more about the doping process and how to grow diamond more efficiently.

The purpose of this work is to propose basic non-destructive characterization methods of doped
diamond materials during the fabrication process. The currently investigated diamond samples
include n-type (N), p-type (B) dopants and intrinsic (I), examined separately. We studied
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polycrystalline diamond samples with wettability, Air-SEM, optical absorption and
photoluminescence emission spectroscopy characterization methods.

2. Materials and methods

All of the investigated synthetic polycrystalline CVD diamond samples had an identical
geometric polished area of 25 mm? (Diamond Materials Lab, Germany), where nitrogen doped
iamond (5 mm x5 mm, 300 um thickness), intrinsic diamond (5 mm x5 mm, 300 um thickness) and
boron doped diamond (5 mm >6 mm, 50 um thickness) were explored.

2.1. Optical absorption measurements

Absorption experiments were conducted using a Cary 5,000 instrument. This instrument is a
high-performance UV-Vis-NIR spectrophotometer in the wavelength range of 175-3,300 nm with a
Pbsmart detector.

2.2. Photoluminescence emission spectroscopy

Photoluminescence emission analysis was carried out to characterize the doping influence of the
diamond bulks using the Fluorolog®-3 instrument. The experiment was conducted using a Xenon
lamp light source at room temperature

2.3. Decay kinetics

Photon life time analysis was carried out to characterize the doping influence of the diamond
bulks using the Deltaflex (Time Corelated Single Photon Counting) TCSPC Fluorolog Horiba. The
emission detector was a TBX A single-photon detection module, (Spectral response 185-650 nm,
Timing walk <250 ps FWHM). The experiment was conducted using a UV excitation Delta Nano
LED at 280 nm. The Excitation pulse duration was 430.30 ns

2.4. Time-of-flight secondary ion spectroscopy

Time-of-flight secondary ion spectroscopy (ToF-SIMS) analysis was carried out to characterize
the doping density of diamond bulk using a Physical Electronics TRIFT Il ToF-SIMS instrument
with a 15-kV Ga primary ion gun. The concentration of boron was 10*° cm and of nitrogen doped
diamond samples was 10%° cm 2,

2.5. Wettability measurement

The wettability states of diamond substrates were estimated by measuring the static contact
angle of sessile drops of deionized water (pH, 5.5; resistivity, 18 M c¢cm) placed on a sample surface.
Optical inspections of the wettability properties were performed using a specially designed system in
our lab. The volume of liquid was kept constant (2 mL) for all contact angle measurements. The
wettability investigations were carried out with an accuracy of 1 <C at a temperature of 26 +1 C
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and a relative humidity of 45 +5%. Contact angle measurements were performed 3-10 times for
each sample and on different regions, in order to control surface homogeneity.

2.6. X-ray photoelectron spectroscopy measurement

X-ray Photoelectron Spectroscopy (XPS) measurements were performed in UHV (2.5 X
10 Torr base pressure) using a 5600 Multi-Technique System (PHI, USA). The sample was
irradiated with an Al Koo monochromatic source (1486.6 eV) and the outcome electrons were
analyzed by a spherical capacitor analyzer using a slit aperture of 0.8 mm. The samples were
analyzed at the surface only. C1s at 285 eV was taken as an energy reference for all the measured
peaks.

2.7. Air-SEM microscope measurements

In Air-SEM, electrons are emitted from an electron source in vacuum and are then collimated
and focused using standard electron optics. The lower part of the column is sealed off, yet leaving
a 250 pm = 250 pm area transparent to the beam electrons in the form of a thin membrane. This
membrane is typically 10-15 of nanometers thick. The air gap is typically 50-100 pm thick. We
used in this work back-scattered electron (BSE) and secondary electron detectors (SE). The Air-SEM
resolution for this work was defined to be better than 10 nm at 3015 keV and the contrast/brightness
was a constant value for all measurements for each energy. During the measurements all samples
were isolated and charged by primary beam to small negative potential.

3. Results and discussion

BSE SEM images of polished uncoated diamond samples at ambient conditions clearly show a
smooth-planar surfaces with small grain boundaries of diamond (see Figure 1a). Furthermore,
Figure 1b shows the same gray level (SE images were taken under the same conditions of
contrast/brightness). The SE images did not show any bright or dark differences between n-type,
intrinsic and p-type samples. These results imply that all samples behave identically at 30 keV. The
dependence of the SE yield on primary electron beam energy is related to the penetration depth of
the primary electrons and to the escape depth of the secondary electrons [18]. The penetration depth
at 30 keV is higher than the escape depth of the secondary electrons, resulting in the loss of energy of
many SEs before reaching the surface. In this case, the majority of emitted electrons that reach the
AirSem detector surface were wide angle BSE. Therefore, with a decrease in the beam energy up to
an optimum point, the penetration will be lower than the escape depth of secondary electrons,
resulting in the secondary electrons escaping into air. Because of electron mean free path limitations
in the AirSem system, we decided to decrease the energy to 15 keV. Figure 1c shows the SE images
at 15 keV; the (B) p-type sample is bright and the (N) n-type sample is dark. The image in Figure 1c
shows an increase in the contrast of (B) with 50 Hz noise. The SE detector, which is installed in the
air, can detect all noises present in the room. Among the notable sources of noise is the
electromagnetic wave emitted by the electrical grid, operating at a frequency of 50 Hz. Consequently,
when capturing smooth samples lacking distinct edges, the detector inevitably captures the 50 Hz
noise. Throughout our measurement process, we maintained the contrast and offset conditions
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without any changes. However, when examining boron samples, we observed that the resulting
images appeared brighter, thereby making the noise more pronounced.

According to all published research works, SE images of the dopant contrast show the p-type
regions bright and the n-type regions dark. This can be explained by the energy band changing near
the bulk vacuum interface and by the different built-in surface potential [8-10], the electric field
produced by the charged surface states and this affects the contrast [19]. The high enhancement of
the SE signal in the intrinsic sample may be attributed to electron accumulation. The explanation is
based on charge generation under primary beam exposure [20].

n-type intrinsic

intrinsic

(b)

n-type intrinsic

(©)

Figure 1. (a) BSE (30keV) images of the diamond sample surfaces (nitrogen doped
diamond, intrinsic and boron doped diamond). (b) SE (30 keV) images of the diamond
sample surfaces (nitrogen doped diamond, intrinsic and boron doped diamond). (c) SE
(15 keV) images of the diamond sample surfaces (nitrogen doped diamond, intrinsic and
boron doped diamond).

AIMS Materials Science Volume 107, Issue 4, 710-724.



715

3.1. Wettability

In this paper, we adopt a method based on the work of Neumann [21] and the Young
equation [22], and employ an approximation that makes it possible to determine the influence of
doping on the surface energy of diamond doped samples.

A high wetting surface of intrinsic diamond has a surface energy that creates a strong attractive
force to pull the liquid droplet down, causing it to spread out (see Figure 2). The static contact angle
of a water droplet is about 60<on the polished CVD intrinsic diamond surface, which is close to an
intrinsic WCA on a natural diamond surface. This is known as hydrophilic behavior, where the
surface energy of the solid is stronger than the liquid’s surface tension, causing the liquid to spread
out over the homogeneous surface of the diamond [6].

Next, the water wettability behavior of the doped samples was investigated; this appears to be
different (see Figure 2). The measured WCA on the boron (p-type) doped diamond’s surface was 75°
(see Figure 2), which differs from the contact angle of 60<for the intrinsic sample. The measured
WCA on the nitrogen (n-type) doped diamond’s surface was 50° (see Figure 2), which shows a
decrease of 10¢ompared to the intrinsic sample.

Boron doped

Nitrogen doped

[ )]
o O
] |

CONTACT ANGLE (°)
B
o

30 -
20 +
10 ~
0 -
nitrogen intrinsic boron
(b)

Figure 2. (a) Relationship between doping and wettability. Wettability measurement
images. (b) WCA measurements of doped and undoped diamond samples.

CVD diamond samples have homogeneous solid surfaces and hydrophilic properties with
negligible roughness. Based on our results, we believe that doping is the main valid factor that
affects the contact angle. Thus, by using Wenzel’s theory with an angle range 09< 6 < 909[7], we
can evaluate the surface tension for all diamond surfaces, based on Eq 1.

AIMS Materials Science Volume 107, Issue 4, 710-724.



716

cos@, =r-cosb 1)
where 8, is the apparent contact angle and r is proportional to the extension of the surface area due
to the roughness. Note that r > 1 for a rough surface, and for an ideal smooth surface r = 1. In this
study, we consider that Eq 2

cosf8, = cosf (2

where 6 is the contact angle corresponding to the ideal smooth diamond surface. Thus, the Young’s
relation corresponding to our experimental parameters to evaluate the surface tension of each
diamond sample is, based on Eq 3

VSV — VSL + VLV - cos O (3)

where y are the surface tension coefficients of solid-vapor (SV), solid-liquid (SL) and liquid-vapor
(LV) interfaces. However, of the four parameters of Young’s equation, only ¥ and 6 can be readily
measured. The surface tension y¥ of LV at a temperature of 20 <C is 72.8 mN m* and the contact
angle 6 is measured using the experiment. To calculate the surface energy of the solid and the SL
interface, two or more liquids are used in the experimental and mathematical approaches, such as the
Neumann model, where the outcome strongly depends on the liquids used [23], while the solids
correspond to the criteria of the Neumann model [21]. The studied solids are smooth and
homogeneous, and there is no dissolution of solids nor is there any adsorption of any of the
components (Wenzel behavior) from the liquid or gaseous phases by the solids. The Neumann model
used to calculate the SL tension and to analyze the effect of doping on this tension and on water
angle contact is, Eq 4

VLV - cosf = )/SV _ )/SL (4)
Since only ¥ and 8 of Young’s equation can be readily measured, this equation can only provide
the difference between the SV surface tension 5" and the SL interfacial tension 5%, Neumann’s

equation of state theory describes the contact angle (0) of a liquid on a solid surface as, Eq 5

N% 2
cosf =—-1+2- ’ZTV e B r) (5)

here f = 0.0001247 can be expressed as a universal constant [23], and the surface tension yXV =
72.8 mN -m~! and the contact angle 6 are given in accordance with the wettability experimental
results. The Neumann model is a thermodynamic approach that introduces the surface-dependent
parameter. However, according to the Neumann’s experiments, differences in the g values of
different materials are less than those caused by errors in contact angle measurements when using
conventional methods. This is why the Neumann equation was used in order to find the SL tension
surface of each diamond sample, as Eqs 6 and 7

2 2
]/LV . (CO 529-{-1) — ]/SV . e_zﬁ.(ySV _yLV) (6)

cosf+1
2

“2B- (VY 448y i) = Iy - (222 280 (1)

The SV surface tension was calculated according to the contact angle of the intrinsic diamond, 8 =
60< Eq 8:
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f(r%) = -2.494-107*- ()2 +3.631-107° -y + n(¥*") +3.195=0  (8)

To solve this equation, a numerical method is necessary. First, the variations of this function were
studied when y5V is strictly positive, Eq 9:

1

f'(¥) = —4988-107*- (') +3.631- 107 + -5 =0 )

When 5V € [0; oo]:
£'(y5) = —4.988-10~* - (V)2 +3.631-105- () +1 =0 (10)
yS = 44812 1)

According to the signs of the derivative function (Eq 10), f (¥5") is increasing and continuous
when y3V € [0; 44.812], (Eq 11) and is decreasing and continuous when y5V € [44.812; «]. The
dichotomy method is used to solve this equation numerically (see Table 1). The growing part of this
function must be analyzed in order to verify if there is a solution when f (yV) = 0:

f (a; = 0.020) < 0 (12)
f (b, = 44.812) >0 (13)

The function f (y5¥) is increasing and continuous in the interval [0; 44.812], and f (01),
f (44.812) have opposite signs. In this case, there is a unique solution when f (y5) =0
when y5V € [0; 44.812].

In the beginning we defined the interval is [0+, 44.812], where the function resets and is
continuous. We start, the initial interval [a,, b,] is divided into two subintervals by finding the
midpoint, c,,.

Cy = T (14)

The physical solution of the intrinsic diamond SV tension is:
SV _ N _ N
y* =0.041— = 41m— (15)

The function is then evaluated at c,, and based on the sign of the function value, one of the
subintervals[a,, c,,] or [c,, b, ]is selected as the new interval. This process is repeated iteratively by
updating the values of a,, and b,, and selecting the new midpoint until the desired level of accuracy
or convergence is achieved. Repeat steps iteratively until the desired level of accuracy or
convergence is achieved. This is typically determined by setting a maximum number of iterations or
by checking the difference between successive values of ¢, Eqs 12-15.

Calculation of SL tension leads to, Eqs 16-18:

ySL=ySV —yV . cos @ (16)

Y5t = 0.041 — 0.0728 - cos(60) (17)
SL _ N

Yt =4.6 m— (18)
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The same mathematical procedure was performed for the doped-diamond samples.
All the results for the three samples have been summarized in Table 2.

Table 1. Dichotomy method.

Iteration a, b, Cn f(cn)
1 0.020 44812 22.416 6.180
2 0.020 1.400 0.710 2.852
3 0.020 0.710 0.365 2.187
4 0.020 0.365 0.193 1.547
5 0.020 0.193 0.107 0.956
6 0.020 0.107 0.064 0.438
7 0.020 0.064 0.042 0.025
8 0.020 0.042 0.031 —0.279
9 0.039 0.042 0.040 —0.012
10 0.040 0.042 0.041 8.1786E-04

Table 2. Results of wettability testing.

n-type doping (Nitrogen) Intrinsic diamond p-type doping (Boron)
Water contact angle 50° 60° 75°
N 49 41 28.8
o
m
51 ( N ) 2.3 4.6 10
Yy \m—
m

3.2. Optical absorption of diamond

The optical absorption analysis of diamond samples is an important tool for elucidating the bulk
properties with different diamond doping elements. In this paper, we measured three materials;
intrinsic poly diamond, boron (p-type) doped poly diamond and nitrogen (n-type) doped poly
diamond. SIMS was employed to analyze the composition of the diamond samples. Intrinsic carriers
can be generated optically if the sample is illuminated with an energy larger than the diamond gap
(5.47 eV) [16]. This corresponds to a maximum wavelength of, Eq 19:

h:-c

A=
E,-1.6-1071°

= 227 nm (19)

where, h is Planck’s constant (h = 6.626 x 1073* ] - 5), Eq is the energy gap and c the velocity of
light (c = 3 x 108 m/s). All results are presented in Figure 3.
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Figure 3. The room-temperature optical absorption of all diamond samples.

The first optical absorption experiment was carried out on the intrinsic sample. The diamond
gap is indirect, and requires the excited electron to gain momentum in one of the <100> crystal
directions. It can be seen that there is a moderately small rise in the absorption from around ~800 nm.
Intrinsic CVD diamonds may contain a trace amount of nitrogen doping, which can be shown by
examining the optical absorption characteristics. Nitrogen is a group V element, and the optical
measurements indicate its energy level to be below 2 eV [16]. The main absorption occurs at 236 hm
(at 5.26 eV and 0.21 eV below the indirect bandgap energy Eg), and corresponds to the excitation of
an outer electron from the top of the valence band to the excitonic state just below the conduction
band minimum and assisted by the phonon absorption [24].

In contrast to intrinsic diamond, nitrogen doped diamonds display a much narrower band gap.
The activation energy of the nitrogen donors can be generated optically if the sample is illuminated
with an energy higher than the boron gap —E, = 1.7 ev [16]. According to Eq 19 the matching
wavelength for this energy is 730 nm. It can be seen that there is a moderate rise in the absorption
from around ~800 nm. It seems from Figure 3 that the UV absorption increases due to transitions of
intrinsic electrons to the conduction band.

The ground state of the boron dopant acceptor center is about 0.37 eV above the valence band,
and also shows hall mobility of 0.1-0.15 m* ¥/ * § % [16]. This allows the doped diamond to act as a
conductive material even at room temperature. According to equation 19 the matching wavelength
for this energy is 3,410 nm. During the measurements, the spectrometer was limited (due to the lamp
sensitivity) to a wavelength of 2,000 nm, but we can see that absorption peak continues into the IR
region. The absorption in the IR spectrum corresponds to acceptor transition to excitation levels
(peaks of 7.75, 4.07, 3.57 um) [25]. Each absorption of a photon causes the excitation of one electric
carrier across the bandgap, so that one obtains one additional carrier in the conduction band and one
hole in the valence band.

It can be observed that in the IR spectrum that has been studied, there is full absorbance of the
photons, and as the energy increases much above 0.37 eV, the photons start partially transmitting
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through the sample until they absorb again in the UV spectrum (due to transitions of intrinsic
electrons to the conduction band).

3.3. Photoluminescence (PL)

Photoluminescence (PL) is a widely used tool for the characterization of doping in materials. By
varying the excitation photon energy, PL measurements enable the selection of different emission
lines. Measurements at different excitation photon energies are then necessary to provide complete
information about all elements of the bulk. PL spectra of diamond samples measured at 4.27 eV
excitation are shown in Figure 4.

1.0E+07
Nitrogen

9.0E+06
Boron

8.0E+06
7.0E+06 Intrinsic
6.0E+06
5.0E+06

4.0E+06

intensity

3.0E+06
2.0E+06
1.0E+06

0.0E+00
300 320 340 360 380 400 420 440 460 480 500 520 540

Emission wavelength [nm]

Figure 4. Room temperature PL spectra for diamond samples.

All samples exhibit the same related absorption. It can be observed that for an excitation
wavelength of 290 nm there is a PL peak (stronger for the boron and nitrogen doped samples) at
around 340 nm wavelength. During the test, the intensity of the excitation spectrum decreased with
an increase in the excitation wavelength, but the shape of the spectrum remained unchanged. This
confirmed the correspondence of 290 nm excitation bands with the same emission center. An
absorption spectral region from 290 to 310 nm is observed in synthetic diamonds [15]. The
absorption region is attributed to intrinsic nitrogen-free defects. In CVD diamond technology the
impurities come from the growth system and during the etching process [26].

The PL peak at 340 nm is related to nitrogen-vacancy (NV) centers and defects [27]. The fact
that the boron-doped and intrinsic samples also show this kind of peak implies that these samples
might be incorporated with undesirable nitrogen-free impurities during the production process. With
monochromatic (laser) excitation at wavelength of 514 nm, nitrogen-doped diamond exhibits
photoluminescence of nitrogen-vacancy centers with peaks at 575 and 637 nm, which can be used as
a sign of a presence of a nitrogen in diamond [27]. In our experiments these lines were not observed,
possibly due to different excitation source (Xe lamp) and excitation wavelength.
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3.4. Decay kinetics

The decay kinetics of the luminescence measured for all samples at 340 nm under the excitation
at 280 nm is shown for nitrogen, as a representative case, in Figure 5. This decay curve shows a fast,
exponential decay as a superposition of two components with decay times of 17.9 and 10.4 ns,
corresponding to the emission nitrogen defect centers.

——deca —fit
4.5 Y

3.5
2.5

1:5

decay

0.5

25 125 225 325 425 525
time [ns]

Figure 5. Photon lifetime in nitrogen doped diamond and 280 nm excitation wave length.
3.5. XPS characterization

The surface analysis of doped samples is important in order to elucidate the oxidation states and
the surface chemical composition. Therefore, the XPS characterization for the doped diamond
samples is very important in order to study the different binding energies (BEs) associated with
different carbon functional groups from the Cls and Ols spectra. The main objective of this
measurement is to observe the O1s/Cls atomic concentration ratio as a function of the different
doping samples (see Table 3).

Table 3. Oxygen relative proportion O1s/C1s (%) contribution by peak fitting from XPS
measurements.

B N

01s/C1s (%) 05 0.666

Specifically, it seems that the oxidized surface influences the wetting angle measurements. This
is in agreement with other published data and seems to confirm that diamond surface oxidation
decreases the contact angle [5].
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4. Conclusions

In conclusion, we used simple experimental studies to demonstrate the effectiveness of simple
measurement methods for the diamond production industry. The Air-SEM shows great potential for
real time product inspection. The Air-SEM without a specimen vacuum chamber allows real time
product inspection and is applicable for a wide range of non-destructive line experiments, including
topography and doping mapping. Furthermore, we discovered that bulk doping leads to the tunable
wettability properties of diamond. The optical results, obtained from absorption and PL
measurements, showed nitrogen defect centers in all samples. The XPS result showed the oxygen
amount change as a function of the doping type, and displayed close agreement with the contact
angle measurements.

Upon analyzing the results, we recognized the importance of investigating the correlation
between doping concentration and its impact on diamond properties. To further explore this, we
obtained samples with a higher doping concentration from the same manufacturer (High Doped-
Diamond Materials Lab, Germany). However, upon receiving and examining these samples, we
uncovered a lack of control over the high doping concentration during the production process. This
lack of control introduced uncertainties and inconsistencies in the behavior of the high-doped
samples after testing, which deviated from the expected behavior of diamond bulk material. In light
of the challenges encountered, we emphasize the significance of future research that focuses on
exploring the correlation between varying doping concentrations with experimental study methods.
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