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Abstract

®

CrossMark

Numerous electronic transitions in polycrystalline chemical vapor deposition diamond with
characteristic nucleation and growth sides were obtained by highly sensitive surface
photovoltage (SPV) spectroscopy in dc (Kelvin probe), ac (modulated) and ac (transient)
regimes from near infrared to deep ultraviolet. In the dc regime, defect transitions D1 to D8

were detected at 0.8-0.9, 1, 1.37, 1.78, 2.27, 3.15, 4.2 and 5.42 eV, respectively. Hints for more
transitions were found for measurements in the ac (modulated) regime in the range near D3.
SPV measurements in the ac (transient) regime showed the importance of disorder for relaxation
of SPV signals excited at different photon energies. Phonon assisted transitions were observed
at E; — Ey — hvparo, Es — Ex + hvparo and E, — Ex + hvto. The developed SPV techniques

are suitable for applications in research and quality control not only for diamond but also for

any other semiconductor with ultra-wide bandgap.

Keywords: diamond, ultra-wide bandgap, defect states, electronic transitions,

surface photovoltage

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to its unique properties as a semiconductor with an ultra-
wide bandgap (indirect bandgap of 5.47 eV [1]), diamond
has a great potential for emerging applications in electronics
[2, 3], optoelectronics [4], bio sensors [5], spintronics [6, 7],
photocatalysis [8] and so on. For example, illumination with
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ultraviolet (UV) light can provide solvated electrons for
selective reduction of aqueous CO, to CO [9, 10], fluores-
cent nitrogen vacancy (NV) centers in diamond enable high-
performance detection of vacuum and extreme UV as well as
x-rays [11] and the charge state of NV centers can be con-
trolled with in-plane Al-Schottky junctions [12].

Electronic states in the bandgap can play a decisive role
in devices. Defect states in the bandgap of a semiconductor
are often characterized by measuring electronic transitions
between localized defect states and delocalized states from
which charge transport or charge carriers is possible. Monit-
oring and control of electronic defect states in the bandgap of
diamond is important for further development and for getting a
deeper understanding of the role of defects in diamond related

© 2022 The Author(s). Published by IOP Publishing Ltd
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devices and their dependence on technological processes.
There is a demand for defect characterization in diamond by
highly sensitive techniques for research and routine work. Sur-
face photovoltage (SPV) (see, for example [13, 14], and refer-
ences therein) techniques based on a perforated electrode and
a charge amplifier allow to characterize semiconductors with
ultra-wide bandgaps over wide ranges of photon energies and
time domains [15].

Defect states in diamond can be caused by strain and dis-
order at grain boundaries, point defects in the crystal lattice
or surface defects. Structural defects at grain boundaries lead
to a large fraction of sp? bonded carbon atoms and disorder
in diamond [16—18]. The concentration of hydrogen correl-
ates with the grain size what gives evidence for passivation of
dangling bonds (dbs) at grain boundaries of diamond [19]. In
nanocrystalline diamond, defects at grain boundaries domin-
ate electronic transitions from defect states in the bandgap. For
example, onsets of absorption at 0.8 and 4.4 eV were attributed
to transitions from 7 to 77* states introduced by sp> bonded car-
bon atoms and to transitions to conduction band tails caused by
local disorder, respectively [20], as shown by photoconductiv-
ity. Furthermore, a quenching of photocurrent was observed at
a photon energy of 3.3 eV [20]. Onset energies were obtained
by photocurrent measurements on boron doped nanocrystal-
line diamond at 4.1 eV (valence to conduction band tails of
disordered sp® bonded carbon atoms), at energies around and
below 1 eV (7 to * states introduced by sp? bonded carbon
atoms) and at 3.2, 2.4, 2.3 and 2.0 eV (also called pseudo gap,
caused by 7 to o* transitions whereas o* refer to tetrahedrally
bonded carbon atoms in the grain boundaries [20]) depending
on boron doping [21]. Natural type IIb diamonds are boron
doped, resulting in p-type conductivity, and have an ioniza-
tion energy of 0.373 eV [22]. In boron doped nanocrystalline
diamond, the activation energy decreased strongly for high
acceptor densities [21]. Furthermore, the threshold at 1 eV is
independent of hydrogenation or oxidation and related to the
grain boundaries and can be passivated with hydrogen [23].

Diamond layers prepared by chemical vapor deposition
(CVD) are usually polycrystalline. In CVD diamond, trans-
itions below the bandgap are caused by defects in the
crystalline bulk and in the amorphous regions at the grain
boundaries that result in onset energies of about 1 eV [24]. A
transition at 1.7 eV results from substitutional nitrogen which
is a deep donor being present in nominally undoped CVD
diamond [24, 25]. The typical nitrogen donor absorption band
is partially masked by the 1 eV band in CVD diamond [25].
Nominally undoped CVD diamond shows absorption bands
which set on at 1, 2.3, 3.3 and 4.2 eV [25]. A shoulder was
observed at 2.2 eV in photoconductivity spectra of CVD dia-
mond and has been attributed to the single-substitutional nitro-
gen defect whereas a transitions with an onset at 1.3 eV disap-
peared after oxidation [26]. In nitrogen doped CVD diamond,
energy levels were detected at 2.3-2.4 and 4.7 eV whereas
their arbitrary density increased with increasing nitrogen con-
centration and their full widths at half maximum were hun-
dreds of meV broad [27]. In addition, energy levels at 1.6 and
4.0 eV could be distinguished for nominally undoped CVD
diamond [27]. The level at 4.0 eV can be related to deep

hole traps with an energy of about 1.4 eV above the valence
band maximum in CVD diamond [24]. For comparison, defect
states were observed in type IIb natural diamond by photoelec-
tron yield spectroscopy at 2.0 and 4.1 eV below the conduction
band minimum [28]. A defect level with an onset at 1.9 eV
below the conduction band minimum was observed by pho-
tocurrent spectroscopy on a diamond crystal of type Ib [29].
Furthermore, trapping/de-trapping can cause drastic changes
in transport phenomena as recently shown by transient SPV
measurements without and with bias light [30].

Defects related to sp?> bonded carbon atoms can also form
at diamond surfaces and contribute to band bending and noise
[31]. Calculations by density functional theory showed the
formation of a primal C=C acceptor level at 1.78 eV above the
valence band maximum and of states related to surface bands
due to hydrogenation up to about 1.6 eV below the conduc-
tion band minimum [31]. In nominally undoped diamond the
surface Fermi-level is pinned at about 1.7 eV below the con-
duction band minimum [24].

There were only very few attempts to apply spectral
dependent SPV measurements for the characterization of dia-
mond in the past. An onset of SPV signals was found at
5.47 eV [32] and some signals were obtained for excita-
tion below the bandgap [33]. A spectral range from about
0.8-5.8 eV was covered and a high sensitivity was reached
by applying transient SPV spectroscopy on a diamond single
crystal whereas several phonon and exciton assisted transitions
were distinguished near the bandgap and defect related trans-
itions were found at 1.0, 3.1 and 1.8 eV [30].

Regarding previous characterization of electronic trans-
itions in diamond, one shall keep in mind that transition ener-
gies can sensitively depend on the measurement technique
and on the measurement conditions. Therefore, very differ-
ent regimes of SPV measurements were performed with the
identical electrode on the same position of a diamond sample
in this work. The three complementary regimes of SPV meas-
urements applied in this work were (a) dc (Kelvin probe),
(b) ac (modulated) and (c) ac (transient) regimes. A polycrys-
talline CVD diamond window was chosen as a sample for
demonstrating the high sensitivity and reliability of SPV for
the characterization of transition energies in diamond from
near infrared to deep UV. An advantage of a polycrystalline
CVD diamond window was that numerous electronic trans-
itions appeared across the overall spectral range due to defect
states in grain boundaries and in crystallites. Furthermore,
the density of grain boundaries was very high at the nucle-
ation side and very low at the growth side of the polycrystal-
line CVD diamond window so that the specific influence of
charge separation across very small and large grains could be
studied.

2. Experimental

Polycrystalline diamond samples (thickness 0.1 mm, area
1 x 1 cm?) as used for window applications were prepared by
CVD (Diamond Materials GmbH, type II diamond, hydrogen
content below 1000 ppm, silicon and nitrogen content below
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Figure 1. Cross section of the polycrystalline diamond sample (a), zoomed closer on the nucleation side (b), schematic set-up of electronics
for dc (Kelvin probe), ac (transient) and ac (modulated) regimes (V,p denotes the test signal) (c) and noise levels characteristic for the
measurements of overview spectra in the three regimes (d). For comparison, the dotted line marks the noise level for modulated
measurements in the fixed capacitor arrangement with a high impedance bufter.

10 ppm). Figure 1(a) shows a cross section, obtained by
transmitted light microscopy, of the polycrystalline diamond
sample. The characteristic nucleation and growth sides with
sizes of crystallites of the order and below 1 um (see also
figure 1(b)) and about 10-50 pm, respectively, are clearly dis-
tinguished.

SPV measurements were performed at room temperature
(25 °C) in air. For the SPV measurements, a perforated elec-
trode (coated with gold, diameter 7 mm) and an electromag-
netic oscillator were mounted at the opposite sides of a steel
bar fixed in the center by a knife-edge (see figure 1(c)). The
resonance frequency of the steel bar was 1.05 kHz. This rel-
atively high frequency allowed for a comfortable construction
at further reduction of noise. The oscillator with the electrode,
charge amplifier (resolution time 10 ns), controller and source
of the test signal were realized in one set-up (electronics by
Elektronik Manufaktur Mahlsdorf) for measurements in the
dc (Kelvin-probe) and ac (modulated and transient) regimes.
The electrode oscillated at the resonance frequency in the dc
regime and was fixed in the ac regimes. The sample holder
(stainless steel) was isolated to ground. In the dc regime, the
potential was applied to the sample holder and measured sig-
nals corresponded to negative contact potential differences
(—ACPD). A light induced change of —ACPD corresponds
to a change of SPV.

SPV signals in the ac regimes were calibrated with a peri-
odic test signal (1 V peak-to-peak) applied to the sample
holder. The resulting amplification factor was adjusted to 10

by varying the distance between the electrode and the sample
surface with a micrometer screw. The dc, modulated and
transient SPV signals were measured with a multimeter (HP
34401A), a lock-in amplifier (EG&G 7260) and an oscillo-
scope card (Gage, CSE 1622-4GS), respectively.

A quartz prism monochromator (SPM2, Carl Zeiss Jena)
was used for measurements at photon energies (E,) of up
to 6 eV (Xe lamp for illumination) or up to 4 eV (halogen
lamp for illumination). Incidentally, the advantage of a halo-
gen lamp is the absence of spectral lines in comparison to a
Xe lamp. The light spot was adjusted with a quartz lens at a
wavelength (\) of 250 nm (E,, about 4.96 eV) on the electrode
for measurements with the Xe lamp. The total measurement
time of a spectrum in the dc and ac (modulated) regimes was
about 30 min. Consecutive measurements were performed in
the dc regime in order to get information about ongoing char-
ging. The measurements started at the lowest E, of a spec-
trum. The entrance slit of the monochromator was closed dur-
ing the time when the monochromator went back to the lowest
E., between two consecutive measurements.

A tunable Nd:YAG laser (EKSPLA, NT230-50, equipped
with a spectral cleaning unit, duration time of laser pulses
3-5 ns, range of wavelengths 213-2200 nm) was used for
excitation of SPV signals in the transient regime. The photon
flux was kept nearly constant (see also [34] for more details)
between about 1.2 and 4.2 eV by using a motorized tun-
able beam expander (6-BE-TX2.5-0355-M, Altechna motex)
in combination with reflection-based intensity filters in a
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motorized filter wheel. At photon energies below 1.2 and
above 4.2 eV, the photon flux was limited by the laser intensity
and the minimum zoom factor for the beam expander (2.5) and
no filter was used. For the transient SPV spectroscopy meas-
urements, the repetition rate of the laser pulses was 0.25 Hz
and ten transients were averaged at any given measurement
point. Samples were flipped for changing illumination from
the nucleation to the growth sides.

Characteristic noise levels of corresponding dark measure-
ments are shown in figure 1(d) for the applied measurement
conditions. Due to the relatively high vibration frequency of
the steel bar and due to the placement of the charge ampli-
fier close to the electrode, the noise level in the dc (Kelvin
probe) regime was of the order of 30 pV during spectral
dependent measurements (measurement time of a full spec-
trum below 30 min). The noise level was about 3 pV for
measurements in the ac (modulated) regime with the charge
amplifier. In the near infrared to visible range, some modu-
lated SPV measurements were performed at a very low noise
level with a high impedance buffer in the fixed capacitor
arrangement using an electrode coated with SnO,:F and a
mica spacer between the electrode and the sample surface
[35]. Noise levels below 0.5 'V were achieved for moder-
ate averaging by amplifying the signals by a factor of 10 in
the high impedance buffer (Elektronik Manufaktur Mahls-
dorf) and placing the battery close to the high impedance
buffer. For transient measurements with the charge amplifier,
the noise levels were about 500 pV at the shortest times and
decreased below 100 pV at times longer than 0.1 ms due
to the logarithmic read-out with increasing time intervals for
averaging [36].

3. Results and discussion

3.1 SPV spectroscopy in the dc (Kelvin probe) regime

Due to charging and discharging of electronic states, SPV sig-
nals depend also on the measurement regime. For example,
several processes resulting in SPV signals with opposite signs
can take place in one sample at the same photon energy and
time. For demonstrating, figure 2 shows two sequences of
—ACPD signals measured for illumination from the nucle-
ation side at decreasing excitation wavelengths whereas A was
reduced every 100 s. The first sequence was measured without
any filter. For the second sequence, a cut-on filter (cut-on
wavelength 900 nm) was placed behind the exit slit of the
monochromator in order to reduce the influence of straylight at
shorter wavelengths (see also discussions of different roles of
straylight in [14, 37]). Incidentally, straylight contains photons
of a broad spectrum and can therefore induce offsets and influ-
ence values of SPV signals or may even lead to additional
peaks in SPV spectra.

The entrance slit was opened at 3100 nm after the first 100 s.
After opening the entrance slit, —ACPD changed towards
more positive values by up to about 37 mV for the sequence
without filter. In contrast, the slope of —ACPD changed to
less negative for the sequence with filter. Therefore, straylight
is important for the formation of SPV signals.

Xe lamp
nucleation side 250
filter cut-on: 900 nm

with filterl

3100 nm

- ACPD
differences
T&
A
\
o/
A

—=— end-start
—o— max-start
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2 3 4 5 6
Photon energy (eV)

L 1 L L 1 L L 1 L
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Figure 2. Sequences of the contact potential difference under
illumination with decreasing wavelengths of a Xe-lamp (100 s for
each interval) for illumination without a filter (blue line, full range
of wavelengths) and with a cut-on filter at 900 nm (red line). The
values of the wavelengths are given as small numbers near the
time when changing to the corresponding wavelength. The

slit of the monochromator was closed during the first 100 s (off).
The sequence measured with a filter was shifted up by 80 mV

for separating it from the sequence measured without filter.
Furthermore, the measurement with a filter was performed after the
measurement without a filter resulting in an additional up-shift due
to slow relaxation of some charge carriers separated before. The
insert shows spectra deduced from the differences of —ACPD
measured at the end and at the beginning or in the maximum of a
sequence as function of photon energy.

After changing A to 2500, 2000 and 1500 nm, —ACPD
increased by 9, 11 and 19 mV, respectively, for the sequence
without filter. For the sequence with filter, the changes of
—ACPD increased from 2 mV (2000 nm) to 11 mV (1500 nm),
i.e. a transition causing positive SPV signals set on.

For the sequence without filter and after changing A to
1300 nm, —ACPD increased towards more positive values by
about 20 mV and, after several s, —ACPD started to change
towards more negative values by more than about —25 mV at
100 ns. Furthermore, after changing A to 1200 nm, —ACPD
changed more rapidly towards more positive values by about
10 mV and towards more negative values up to —45 mV after-
wards. The similar behavior was observed after changing A
to 1000 nm but with less change of —ACPD to more neg-
ative values. This means that, aside the process resulting in
positive SPV signals, a second process causing negative SPV
signals with slower dynamics sets on. The similar process
was observed for measurements with the filter, however, the
change of — ACPD to more negative values dominated only at
1100 nm (instead of 1300, 1200 and 1000 nm for the measure-
ments without a filter). For excitation at 900 nm, the behavior
was rather similar for measurements without and with filter.

After changing A to 600 nm (at 1100 s in figure 2),
—ACPD changed rapidly towards more negative values by
about —15 mV and towards more positive values of the similar
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magnitude within the following time. Therefore, another pro-
cess of charge separation causing negative SPV signals at
shorter time to set on.

After changing A\ to 500 nm, —ACPD changed rapidly
towards more negative values by about —10 mV and towards
more positive values by more than 40 mV within the fol-
lowing time. After changing A to 400 nm, —ACPD changed
rapidly towards more negative values by a small amount of
about —2 mV and towards more positive values by more
than 100 mV within the following time which was the
strongest change in the whole sequence. After changing A
to 300 nm, —ACPD changed rapidly towards more positive
values by about 50 mV. Therefore, the most dominating pro-
cess of charge separation caused positive SPV signals, sets on
between 500 and 400 nm and decreased at A shorter than about
300 nm.

After changing A to 250 nm, —ACPD changed rapidly
towards more negative values within the first seconds, to more
positive values within the following 10-20 s and to more neg-
ative values again at longer times. This means that a super-
position of more than two processes occurred. A qualitatively
similar behavior appeared after changing to 240 nm whereas
the slow change towards more negative values of — ACPD dis-
appeared after changing \ to 230 nm.

After changing A\ to 225, 220 and 215 nm, —ACPD
changed towards more negative, more positive and more neg-
ative values, respectively, without signatures of more than
one processes of charge separation. Therefore, the direction
of dominating charge separation changed in the range of the
bandgap.

The insert of figure 2 summarizes the sequences as spectra
of the differences of —ACPD at the end or at the maximum
and at the beginning of a sequence. The change towards more
negative values sets on at 0.82 and 1.03 eV and the negative
maxima were reached the about 1.03 and 1.13 eV for measure-
ments with and without the cut-on filter. This gives an impres-
sion about the uncertainty in determining transition energies
by SPV spectroscopy. Other transitions towards more negative
values set on at about 1.38 and 3.2-3.5 eV. The change towards
more negative values above 5.64 eV seems to be caused by the
strong decrease of the light intensity at these photon energies.
Changes towards more positive values appeared below 1 eV,
around 2 eV, and around 5.2 and 5.5 eV.

Figure 3 shows spectra of — ACPD under illumination with
a Xe-lamp (a) and a halogen lamp (b) under illumination from
the nucleation and growth sides for several consecutive meas-
urements (a) and the 3rd measurement (b). The values of
—ACPD and their changes obtained at the beginning of the
consecutive spectra give information about charging.

For three consecutive measurements under illumination
from the nucleation side with the Xe-lamp (figure 3(a)), the
values of —ACPD at the beginning were positive and amoun-
ted to about 0.62, 0.66 and 0.62 V (1st, 2nd and 3rd, respect-
ively). For comparison, — ACPD was about 0.6 V for the bare
sample holder. In contrast, the values of —ACPD at the begin-
ning were negative and amounted to about —1.04, —1.00 and
—0.89 V (Ist, 2nd and 3rd, respectively) under illumination

Xe lamp (b) halogen lamp

0.61

e P
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N 15!

D2 41-0.1
D4 D6
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growth side
P 15!

D1
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g

1H 2 3 4 5 6 m1' 2 l3 “4
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Figure 3. Spectra of the light-induced change of the contact
potential difference under illumination with a Xe-lamp (a) and a
halogen lamp (b) for the polycrystalline diamond sample
illuminated from the nucleation and growth sides (red and blue
lines, respectively). Three consecutive measurements are shown for
illumination with the Xe lamp (increasing thickness of the lines with
increasing number of measurement) and the third measurement for
illumination with the halogen lamp. The dashed black line shows
the spectrum of the bare sample holder for comparison. The vertical
solid lines mark energies with characteristic changes in —ACPD.
Transitions below the bandgap are denoted by D1-D6. The dashed
line denotes a transition characterized by a very weak shoulder.

from the growth side. This means that the growth side was
charged negatively and that the negative charge decreased
under illumination with the Xe lamp during the measurement
of a spectrum whereas the charge at the nucleation side did
change less. On the other side, the nucleation side was charged
more positively which can be related to a higher density of
grain boundaries and/or of specific surface states at the nucle-
ation side.

After illumination with the Xe lamp, the crystal was stored
in the dark overnight before measurements were performed
with the halogen lamp. Under illumination with the halogen
lamp, the values of —ACPD at the beginning of the 2nd and
3rd spectra were about —0.1 and —0.19 V (illumination from
the nucleation side, not shown) and about —0.40 and —0.45 V
(illumination from the growth side), respectively. This means
that both sides were charged negatively, whereas the negative
charge was larger at the growth side. Furthermore, the negative
surface charge increased at both surfaces during the measure-
ment of a spectrum under illumination with the halogen lamp.
Therefore, the charge at surfaces of CVD diamond depends
sensitively on the illumination spectrum and history.

In the spectra of —ACPD, the strongest changes appeared
near 1.0 eV. At this photon energy, the —ACPD started to
change towards more negative for illumination from the nucle-
ation side independently whether illumination was performed
with a Xe or halogen lamp. In contrast, the values of —ACPD
started to change towards more positive for illumination from
the growth side. This indicates that excitation of the trans-
ition setting on at 1 eV led to a preferential separation of
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Figure 4. More detailed spectrum of —ACPD above 5.06 eV
(illumination from the nucleation side).

photogenerated electrons towards the nucleation side, i.e. to an
increase of negative charge at the nucleation side and a reduc-
tion of negative charge at the growth side.

A Xe lamp has strong spectral lines in the near infrared
region. Therefore, transitions in the near infrared region will
be analyzed for spectra obtained for illumination with the halo-
gen lamp. Around 0.8-0.9 and 1.4 eV, the values of —ACPD
changed towards more negative (more positive) for illumin-
ation from the growth side (nucleation side). The transitions
near 0.8-0.9, 1.0 and 1.4 eV are denoted by D1, D2 and D3 in
the following.

A change in the slope in ACPD spectra is usually assigned
to the onset of a new transition leading to a change in charge
separation. For illumination from the growth side (nucleation
side), the slopes of the ACPD spectra became less negative
(positive) at about 1.8 eV, more negative (positive) at about
2.3 eV and changed from negative (positive) to positive (negat-
ive) at about 3.3 eV. The transitions at 1.8, 2.3 and 3.4 eV were
assigned to D4, D5 and D6, respectively. A slight shoulder
was observed around 1.6 eV, but regarding the given data it
cannot be assigned as a well pronounced transition (see the
dashed lines in figure 3). The transitions D1 to D6 appeared
also for illumination with the Xe lamp whereas they were
partially influenced by spectral lines between 1.2 and 1.4 eV
and between 2.5 and 2.7 eV. An additional transition at about
4.5 eV (denoted as D7) was observed for illumination with the
Xe lamp (see figure 3(a)).

Figure 4 gives a more detailed spectrum of —ACPD for
illumination from the nucleation side in the range of the
bandgap. Four well pronounced features appeared at 5.28, 5.42
and 5.53. The transitions at 5.28 and 5.53 eV can be assigned
to the transitions at E; — Ex — hvparo and Eg — Ex + hvpa Lo,
respectively, where E,, Ex and hvparo denote the indirect
bandgap (5.47 eV), the binding energy of the indirect exciton
(0.07 eV) and the energy of the longitudinal optical and
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Figure 5. First derivative of the — ACPD spectra (3rd
measurement) for illumination from the nucleation and growth sides
(red and blue lines, respectively).

acoustical phonons (0.132 eV), respectively [1]. The feature
at 5.42 eV was also described in absorption analysis but it was
not assigned to a transition assisted by phonons [1]. It seems
reasonable to assume that the signature at 5.42 eV belongs to
a defect transition (assigned by DS8). Incidentally, the change
of —ACPD towards less positive values at photon energies
above 5.6 eV was caused by the strong decrease of the light
intensity.

The —ACPD spectra for illumination from the growth and
nucleation sides were for the most part of the spectra mir-
ror symmetric. The mirror symmetry can be also well seen in
the derivatives of the spectra shown in figure 5. A deviation
from the mirror symmetry was observed at photon energies
higher than about 5.5 eV. Therefore, the mechanisms of pho-
togeneration, charge separation and relaxation were practic-
ally on the illuminated side for low absorption coefficients. In
the range of the bandgap, the absorption coefficient increases
drastically so that absorption and charge separation within
small crystallites at the nucleation side became more dominant
for the measurements under illumination from the nucleation
side.

3.2. Transitions probed under ac (modulated) SPV
spectroscopy

Modulated SPV signals arise when charge separation and
relaxation can follow the modulation. Modulated overview
spectra of the in-phase (X) and phase-shifted by 90° (Y) sig-
nals are depicted in figure 6(a) for the polycrystalline dia-
mond sample under illumination with a halogen lamp from
the growth side. Incidentally, the X and Y signals are caused
by the fast and slow responses, respectively, in relation to the
modulation period. Furthermore, in the case of preferential
separation of photogenerated electrons towards the surface (or
holes towards the bulk), the X and Y signals are negative and
positive, respectively, which follows from the analysis with a
lock-in amplifier (see for more details also [14]). Transitions
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Figure 6. Modulated SPV spectra of the in-phase (black) and
phase-shifted by 90° (red) signals for the polycrystalline diamond
sample under illumination with a halogen lamp from the growth
side ((a): overview spectrum, (b): spectrum near infrared with
reduced entrance and exit slits of the monochromator and reduced
noise). For further noise reduction in the corresponding spectral
range, a measurement (b) was performed with a fixed capacitor
arrangement and a high impedance buffer.

at 0.8-0.9 eV (D1) and 1.0 eV (D2) were well pronounced for
the phase-shifted by 90° and for the in-phase spectra, respect-
ively. Several features appeared between about 1.2 and 1.5 eV
whereas the onset energies were different for the X and Y
signals, i.e. there was not one well defined feature at trans-
ition D3 (about 1.35 eV). The X-signals started to change
towards less negative values at 1.33 eV and towards higher
negative values at 1.46 eV (D3_X1 and D3_X2, respectively).
The Y-signals started to change towards less positive values at
1.24 eV and towards higher positive values at 1.52 eV (D3_Y1
and D3_Y2, respectively). Figure 6(b) gives a closer look at the
range of D1, D2, D3_X1 and D3_X2 whereas the noise was
additionally reduced and the resolution and the number of data
points were increased. The X and Y signals were both posit-
ive in the range of the D1 transition giving evidence for two
processes of charge separation with opposite sign and rather
different relaxation times. With the onset of D2, the X signals
changed towards positive and changed the sign at 1.06 eV.
This shows that one process of charge separation dominated
for excitation at D2.

A pronounced shoulder appeared at about 1.64 eV in the
spectrum of X signals. However, a feature related to this
shoulder did not appear in the spectrum of the Y signals. The
shoulder at about 1.64 eV in the spectrum of the in-phase sig-
nals seems to be a signature in the range of transition D4. At
about 2-2.2 eV, the X and Y signals started to decrease which
might be a signature for transition D5. The Y signals started
to decrease stronger at photon energies above about 3.15 eV
what is a signature for transition D6.

The modulated SPV spectra measured for illumination
from the growth and from the nucleation sides were also highly
symmetric and deviations appeared only at very low signals.

(b) {1
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Figure 7. Overview spectra of the amplitudes of the modulated
SPV for the polycrystalline diamond sample measured from

the nucleation and growth sides (red circles and blue triangles,
respectively) (a) and more detailed spectra measured in the region
around the bandgap (b). The insert of (a) is a zoom on a linear scale
in the range of D7.

Figure 7 shows the amplitude spectra for illumination from
the growth and nucleation sides under illumination with the
Xe lamp. At photon energies below 1.3 eV, the signals were
significantly larger for illumination from the nucleation side
due to increased light scattering at grain boundaries into the
bulk which lead to an increased probability of light absorption.
At photon energies around 0.5 eV, the signals for illumination
from the nucleation side were larger by three to four than the
signals for illumination from the growth side despite the max-
imum amplitudes were practically identical. This means that
scattering of straylight had much stronger influence for illu-
mination from the nucleation side.

Onsets of transitions D1 and D2 could be distinguished as
shoulders in the amplitude spectra measured under illumina-
tion with the Xe lamp and saturation was reached near trans-
ition D3. Features near the transitions D4, D5 and D6 could
not be distinguished. It seems that the high intensity of the Xe
lamp and its wide spectrum of straylight strongly reduced the
detection contrasts of modulated charge separation and relax-
ation for transitions D3-D6 on top of signals dominated by
D2. Around transition D7 at 4.5-4.6 eV, the amplitude started
to decrease stronger than at photon energies below. Therefore,
modulated charge separation was partially quenched for light
absorbed via transition D7.

Some characteristic features appeared in the region around
the bandgap (figure 7(b)). The most pronounced changes in
the slopes were found at about 5.53 and 5.60 eV. These trans-
itions are relatively close to Eg — Ex + hvpapo (5.531eV) and
E, — Ex + hvto (5.615 €V) [1], respectively. Incidentally, the
strong decrease of the SPV signals at photon energies above
about 5.65 eV was caused by the strong decrease of the light
intensity. For illumination from the nucleation side, the SPV
signals started to increase stronger above 5.6 eV. In contrast,
for illumination from the growth side, the SPV signals were
quenched above 5.6 eV. Weak features at 5.3 and 5.42 eV
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Figure 8. Contour plots of the transient SPV signals as functions of
photon energy and time for polycrystalline diamond under
illumination from the nucleation and growth sides ((a) and (b),
respectively). Signals between —0.02 and +-0.02 mV were
discriminated in the logarithmic color scale.

in the spectrum measured under illumination from the nuc-
leation side may be related to E; — Ex — hvparo (5.268 eV
[1]) and/or at E; — hvto (5.315 eV [1]). The small feature at
around 5.42 eV can be assigned to transition DS.

3.3. Transient SPV spectroscopy

The contour plots of the transient SPV signals, i.e. the distribu-
tion of SPV signals on a logarithmic color scale as function of
photon energy and logarithmic time, are shown in figure 8 for
illumination from the nucleation (a) and growth (b) sides. The
SPV signals were positive for illumination from the nucleation
side or negative for illumination from the growth side starting
from about 1 eV over nearly the whole range in photon energy
and time whereas the maxima were of the order of +100 or
—100 mV, respectively. Therefore, the contour plots of poly-
crystalline diamond were dominated by charge separation via
defect states with transitions energies close to 1 eV. Incident-
ally, the contour plots of single crystalline diamond were dom-
inated by transitions in the range of the bandgap and signals
related to defect transitions were lower by about one order of
magnitude [30].

At long times, the sign changed to low negative values for
excitation with photon energies above 5.6 eV for illumination
from the nucleation side. In contrast, at very short times, the
sign changed to low positive values for excitation with photon
energies above 5.6 eV for illumination from the growth side.

—— 1550 nm
—— 1180 nm
—— 953 nm
——215nm

(a)

nucleation side

40

laser

30 Fpulse

20

10}

Photovoltage (mV)
o
—

=30 | growth side (b)
10 107 10 10° 10* 10° 102 10"
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Figure 9. SPV transients excited at wavelengths of 1550, 1180, 953
and 215 nm (blue, black, green and red lines, respectively) for
illumination from the nucleation (a) and growth (b) sides. The thin
black line represents the shape of the laser pulses.

This is also demonstrated in figure 9 showing SPV transi-
ents for excitation at wavelengths of 215 as well as of 953,
1180 and 1550 nm under illumination from the nucleation
and growth sides, (a) and (b), respectively. For illumination
from the growth side at 215 nm (5.767 eV), the SPV signals
increased to +3.2 mV within the resolution time, decreased
at longer times, changed the sign and increased to —1 mV in
the following 20 ns and the negative maximum of —28 mV
was reached after 0.4 ms. In contrast, for illumination from
the nucleation side at 215 nm, the SPV signals increased to
4+13.7 mV within the resolution time, reached the maximum
of 24 mV at 1 us, started to decrease, changed the sign at
about 10 ms and reached the negative maximum of —2.3 mV
at about 120 ms. The positive and negative SPV signals at the
shortest and longest times, respectively, for illumination from
both growth and nucleation sides at 215 nm shows that there
are similarities in charge separation at both surfaces independ-
ent of the size of diamond crystallites. It seems that, in com-
parison to the bandgap of diamond, a very low positive surface
band bending caused the fast positive SPV signals whereas
electrons trapped at surface states caused the negative SPV
signals at long times.

Under illumination from the growth side at 1180 and
953 nm, the negative SPV signals increased within the res-
olution time to about —1.4 and —14.6 mV, respectively, and
continued to grow up to —2.6 and —29 mV within the follow-
ing 3 us, respectively. Under illumination from the nucleation
side at 1180 and 953 nm, the positive SPV signals increased
within the resolution time to about 1.6 and 22 mV, respect-
ively, and continued to grow up to 6 and 41 mV within the
following 10 and 4 us, respectively. For excitation at photon
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Figure 10. Spectrum of the photon flux (a) and SPV spectra
deduced at 20 ns (thick lines) and 0.1 s (thin lines) after excitation
of the polycrystalline diamond sample from the nucleation and
growth sides (red and blue, respectively) (b). Vertical lines mark
transition energies distinguished. The hatched area marks the region
of increased noise.

energies below the bandgap, the shapes of the SPV transients
were rather similar but not identical under illumination from
the growth and nucleation sides.

Figure 10 shows the spectra of the photon flux (a) and of the
SPV spectra obtained at times of 20 ns and 0.1 s after excit-
ation for illumination from the nucleation and growth sides
(b). SPV signals set on between 0.95 and 1.0 eV (transition
D2). Incidentally, the sensitivity was not high enough to detect
unambiguously signals between 0.8 and 0.9 eV (D1). At 1.58
and 1.36 eV (D3 range), SPV signals measured after 20 ns
and 0.1 s, respectively, started to decrease, i.e. the SPV sig-
nals became less positive for illumination from the nucleation
side and less negative for illumination from the growth side.
At 1.8 eV, the SPV signals started to increase, i.e. the signals
became more positive for illumination from the nucleation side
and more negative for illumination from the growth side.

At about 2.4 eV (transition D5), the increase of the SPV
signals reduced so that well pronounced kinks appeared in the
spectra obtained after 20 ns. With increasing time, these kinks
shifted towards lower photon energies and became little peaks
with maximum at about 2.0 eV obtained after 0.1 s. At about
3.7 eV (transition D6), the SPV signals started to decrease
in the spectra obtained after 20 ns. With increasing time, this
starting point of the decrease shifted to lower photon energies
up to about 3.1 eV in the spectra obtained after 0.1 s. A sig-
nature related to transition D7 could not be distinguished for
the spectra obtained after 20 ns. At photon energies of about
4.5 eV, a slight increase of the SPV signals was observed in
the spectra obtained after 0.1 s.

For the spectra deduced after 0.1 s, the noise level was much
higher between about 3.1 and about 5 eV in comparison to the
ranges below 3.1 and above 5.0 eV. This intriguing fact gives

evidence that charge separation and relaxation can be instable
under certain excitation conditions. It seems that this is the
case when exciting in the range with overlap of transitions
related to D5 and D6. Incidentally, a partial quenching of the
photoconductivity was observed at 3.3 eV for hydrogen rich
nanocrystalline diamond [20] as well as at around 2.7 eV for
lateral hydrogen/oxygen terminated in-plane junctions [38].
Incidentally, the hydrogen content of the investigated CVD
diamond was also relatively high (below 1000 ppm). The
transition at 2.7 eV was explained by defect states at about
1 eV above the valence band maximum and relatively large
local potential fluctuations of up to more than 0.1 V have been
observed [38]. We belief that charge separation is highly sens-
itive to local fluctuations of the Fermi-level or potential at or
near grain boundaries under illumination at photon energies
above 3.1 eV.

In the region around the bandgap, signatures could be dis-
tinguished at 5.27 and 5.53 eV which can be assigned to the
Eg— Ey — hvparo (5.268 [1]) and to Eg— Ey + hviaro
(5.531 eV [1]) transitions, respectively. For comparison, addi-
tional transitions at 5.32 and 5.48 eV, which were related to the
E; — Ex — hvta and to E; — Ex + hvta, respectively, have
been observed in the transient SPV spectra of high quality
single crystalline diamond [30]. It seems, since the SPV sig-
nals were up to about ten times larger for the transient SPV
measurements on single crystalline diamond, that the sensit-
ivity was not high enough to detect the transitions at 5.32 and
5.48 eV on polycrystalline CVD diamond.

3.4. Comparison and discussion of transition energies

Similar transition energies were observed with different sens-
itivity for SPV measurements in the dc (Kelvin probe),
ac (modulated) and ac (transient) regimes and the ener-
gies of some transitions depended on the regime. Figure 11
summarizes the transitions observed by SPV measurements in
polycrystalline CVD diamond. In the following discussions,
illumination from one side will be considered since the SPV
signals were symmetric for illumination from the nucleation
and growth sides.

For measurements in all three regimes, the most domin-
ant transition was that at about 1 eV (D2). The energy of the
D2 transition was practically constant and did not depend on
the measurement regime. The transition D2 can be related to
the onset of electron excitation from 7 to 7* states [21]. The
signs of the SPV signals were positive for the D2 transition
under illumination from the nucleation side in the ac (mod-
ulated) and ac (transient) regimes. In the dc (Kelvin probe)
regime, the signs of the SPV signals were also positive for the
D2 transition under illumination from the nucleation side if
blocking straylight at higher photon energies with a filter but
the sign changed from positive negative during illumination
if not blocking the straylight (see figure 2). As consequence,
the sign of the SPV signals related to the D2 transition was
negative in the dc overview spectra under illumination from
the nucleation side. This shows that the redistribution in space
of trapped charge was very important for the formation of the
SPV signals.



Semicond. Sci. Technol. 38 (2023) 015015

T Dittrich and S Fengler

dc (Kelvin probe) regime (a)

D1D2 D3 D4 D5 D7 D8

‘ |
. Ex + hVLO‘LA

/ o -E,-hv
% ‘ %/? ‘ g i ‘
L f N l///n PR IS N PRI S S | S ‘ L

a(:: (transient) regime
i
=
AZAA

1/ //// H
tiner) J
% | EF;
s TA | L

1.5 20 25 30 35 40 45
Photon energy (eV)

ac (modulated) regime
o | yregime (b)

L

(c)

Transition

N ‘luui‘uluu‘
1.0 50 55

Figure 11. Summary of transitions observed in polycrystalline CVD
diamond in the dc (Kelvin probe), ac (modulated) and ac (transient)
regimes ((a)—(c), respectively).

Signatures were found for transition D1 (0.8-0.9 eV) by
measurements in the dc (Kelvin probe) and ac (modulated)
regimes whereas the sensitivity was not high enough for detec-
tion of D1 by measurements in the ac (transient) regime. The
sign of the SPV signals was positive for illumination from the
nucleation side in the dc (Kelvin probe) regime for measure-
ments with and without suppression of straylight (figure 2).
Furthermore, the signs of the SPV signals related to D1 and D2
were opposite for measurements in the ac (modulated) regime.
Therefore, transition D1 belongs to other defects than trans-
ition D2.

The region around transition D3 (1.37 eV for measure-
ments in the dc (Kelvin probe) regime) is intriguing since there
were several different signatures in the corresponding spec-
tral range for measurements in the ac (modulated) regime.
The corresponding onsets energies depended on the analysis
X or Y signals. Since the X and Y signals belong to fast and
slow response times in relation to the modulation frequency,
the corresponding defect states have a relatively broad energy
distribution. In addition, there were two different onset ener-
gies for signals getting less negative or more negative (X sig-
nals) or less positive or more positive (Y signals) for illumin-
ation from the growth side with a halogen lamp (see figure 6).
There were also two different onset energies in the spec-
tral range of the D3 transitions for measurements in the ac
(transient) regime. Therefore, it seems that several transitions
occurred between about 1.25 and 1.6 eV and that the duty
cycle of the measurement regime (for dc, 1:1 for modulated,
1:108-1:10° for transient measurements) plays an important
role for detection of transitions. Much more detailed experi-
ments will be required for getting a deeper understanding of
the defect states in this range, what was behind the scope of
the work.

Transition D4 (1.78-1.8 eV) was well detected in the
dc (Kelvin probe) and ac (transient) regimes. A shoulder
appeared only around 1.65 eV in the X signals measured with
a halogen lamp and might give a hint for a signature of D4,
but this is under question. The transition energy of D4 can be
assigned to a bulk defect.

Transitions D5 (2.27 eV, dc) and D6 (3.15, dc) could
be well detected for measurements in the dc (Kelvin probe)
regime but not for both in-phase and phase-shifted by 90°
signals in the ac (modulated) regime. In the ac (transient)
regime, the energies of transitions D5 and D6 shifted to
lower values with increasing relaxation time. The ranges of
onset energies changed over about 0.2 and 0.3 eV for trans-
itions D5 and D6, respectively. This gives evidence that
transitions D5 and D6 are related to a disordered phase at
grain boundaries where the density of states decreases with
increasing energy difference to the transport level. This also
means, if regarding to mo* transitions [21], that photogen-
erated electrons can be separated along the disordered grain
boundaries at energies independently from the crystalline
phase. Transition D7 can be considered as the excitation of
electrons from the valence and to conduction band tails in
the grain boundaries [20]. The origin of transition D8 is
unclear.

In the following, ideas for a basic concept of interpretation
of defect related SPV signals in polycrystalline diamond will
be drawn. Most defects are caused by disorder at grain bound-
aries in polycrystalline diamond. The density of grain bound-
aries is very high at the nucleation side and very low at the
growth side. The occupation of defect states within the corres-
ponding local gradients of defects shall be considered as the
main driving force for the evolution of dc, ac modulated and
ac transient SPV signals. Charge separation can be driven by
gradients of accessible states acting as local sinks and by elec-
trostatic repelling or attracting charge carriers due to trapped
charge carriers (see also figure 12(a)).

Charge transfer and back transfer rates to defect states at
grain boundaries have a tremendous influence on the forma-
tion of SPV signals at different time scales and can even cause
opposite signs of SPV signals measured in different regimes.
For example, for excitation at transition D2 from the nucle-
ation side, the dc SPV signals were negative but the ac modu-
lated and ac transient SPV signals were positive in the spectra.
In addition, time dependent measurements of dc SPV signals
around D1 and D2 transitions depended strongly on straylight.
Regarding to [20], transitions D1 and D2 can be related to
transitions between 7 states and un-occupied states of dbs and
occupied states of dbs and 7* states (see also figure 12(b)).

The density of m and 7* states is high so that charge car-
riers can be transferred by hopping inside the bands of 7 and
7* states. On the other side, the density of dbs is low so that
charge transfer between db states by tunneling can be neg-
lected. The density of available states is higher in regions
where several grain boundaries come together. This means
that excited electrons and holes move preferentially towards
internal grain boundaries oriented in parallel to the surface (A
in figure 12(a)). Usually, electrons move faster than holes so
that positive SPV signals appear at short times under excitation
from the nucleation side. At longer times, the positive SPV
signals decrease due to ongoing hole transfer. After switch-
ing off illumination, electrons separated in space relax faster
than holes so that the SPV signals at the D2 transition change
the sign to negative due to remaining separated holes. This
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carriers can be transferred by hopping inside the 7 and 7* bands.

has been observed for time dependent dc SPV signals (excit-
ation, for example, at 1200 nm) and for spectra. Under the
influence of straylight, more of the deepest states are perman-
ently occupied so that de-trapping times decrease and relax-
ation becomes faster. Under ac modulated and repetitive ac
transient excitation, trapping/de-trapping of electrons can fol-
low much faster than trapping/de-trapping of holes so that a
positive net charge occurs at internal grain boundaries oriented
in parallel to the surface. As a result, photogenerated electrons
are preferentially separated towards the bulk. As consequence,
SPV signals are positive under ac modulated and repetitive ac
transient excitation at the D2 transition.

4. Conclusions

Electronic transitions were studied in polycrystalline CVD
diamond from near infrared to the deep UV by SPV tech-
niques. A setup was developed for highly sensitive SPV meas-
urements in the dc (Kelvin probe), ac (modulated) and ac
(transient) regimes by using the same perforated electrode
and charge amplifier. Numerous defect transitions were distin-
guished by SPV what was not possible, if regarding literature,
by other methods before. Defect transitions were numbered by
D1 to D8 with respect to the measurements in the dc (Kelvin
probe) regime and appeared at 0.8-0.9, 1, 1.37, 1.78, 2.27,
3.15, 4.2 and 5.42 eV, respectively. In the ac (modulated)
regime, several features were observed in the spectral range of
transition D3 which gives a hint for even more transitions. Fur-
thermore, transitions can be masked (or partially masked) by
saturated signals in the ac (modulated) regime. Here, it will be
helpful to extend the developed SPV set-up to measurements
at high temperatures. SPV measurements in the ac (transients)
regime showed the importance of disorder for relaxation of
SPV signals excited in the D5 and D6 transitions at different
photon energies. Phonon assisted transitions were detected at
Eg —Ey — hVLA,LO’ Eg —FE, + hVLA,LO and Eg — E, + hvro.

At present, a detailed analysis of SPV spectra and
transients within a consistent model is not possible due to

the complexity of processes involved. For example, different
and independent paths of charge transfer across crystallites
and within grain boundaries shall be considered. In addition,
measurement conditions influence the occupation of defect
states. In next steps, measurement and preparation conditions
will be varied in order to identify specific bulk and surface
states.

It was shown that the developed SPV techniques are highly
sensitive and well suitable for technology control of diamond
as a semiconductor with an ultra-wide bandgap. We point out
that the developed SPV techniques can be incorporated also for
inline characterization if detecting, for example, signals only
at dedicated photon energies. The developed methodology can
become of great interest not only for research and develop-
ment of diamond but also of other semiconductors with ultra-
wide bandgap such as $-Ga, 03 (bandgap 4.8 eV [39]), AIN
(bandgap 6.1 eV [40, 41]) or Al,Ga;_,N (bandgap between
3.4 and 6.1 eV [42]).
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