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1. Introduction

Defect states in the bandgap of diamond (Eg= 5.47 eV)[1] play a
decisive role for future applications in power electronic (see, for
example,),[2–5] radiation detectors,[6] quantum sensors,[7] or pho-
tocatalysts.[8] There are two major approaches currently in use to
produce synthetic diamonds-chemical vapor deposition (CVD)
from low pressure gas reactants and a temperature gradient
method under high pressure and high temperature (HPHT).
Each method has its advantages and disadvantages, which define

the areas of applications. HPHT diamond
growth is near the equilibrium process,
and by its nature, it allows diamonds to
grow of the highest crystalline quality.
CVD diamond growth technology is partic-
ularly useful for electronic applications
since it allows to control contents of impu-
rity atoms and dopants by using high purity
gas precursors and appropriate chamber
materials, as well as by optimizing growth
conditions. A drawback of the CVD dia-
mond growth is that it is an essentially non-
equilibrium process making the control of
intrinsic defects more difficult. As a result,
CVD grown crystals typically have internal
strain (that can be easily observed in cross-
polarized light) and densities of dislocation
on the order 103–106 cm�2.

HPHT diamonds exhibit distinct
bandgap defects compared to CVD substrates, primarily due
to differences in growthmechanisms and impurity incorporation
pathways. Type IIa HPHT diamonds are characterized by
catalyst-derived atomic impurities (Ni, Co, and Si) forming sec-
tor-localized defects like [Si–V]� and nickel centers, whereas
CVD diamonds exhibit vacancy-dominated defects from gas-
phase precursors. This distinction is critical for applications in
quantum sensing and electronics, where defect engineering dic-
tates performance.

For numerous applications, HPHT,[9] diamond plays an
important role. Defects in the bandgap of diamond are usually
studied by absorption and luminescence spectroscopies,[10]

which demand a considerable amount of absorbing species or
radiative recombination, respectively. For a deeper understand-
ing of the origin of defect states and their dependence on
technological processes, relatively fast and more universal char-
acterization methods of defect states are desired. Surface photo-
voltage (SPV) methods provide information about electronic
transitions in diamond and do not require contact prepara-
tion.[11,12] However, a more detailed analysis of SPV spectra is
usually not straightforward, for example, due to a variable depen-
dence of SPV signals on generation rate and/or due to a dynamic
overlap of positive and negative SPV signals measured subse-
quently in a spectrum. For these reasons, transition energies
of defect states are traditionally obtained at onset energies where
the slopes of SPV spectra change. The approach of the analysis of
onset energies does not allow for a detailed analysis, for example,
of effective absorption cross sections (σabs) of defect states. In this
work, we show that effective absorption cross sections of defect
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states in diamond can be deduced from modulated SPV spectra
by fitting.

In modulated SPV spectroscopy, light from a monochromator
hits the sample during the first half of the modulation period
(Tmod) while the light is switched off during the second half
(see also Figure S1, Supporting Information). The evolution
and relaxation of SPV signals in diamond usually last over time
ranges longer than typical modulation periods, which are of the
order of tens to hundreds of ms. In this sense, a modulation
can be considered as a disturbance between two nonequilibrium
states. Consequently, modulated SPV signals of diamond are usu-
ally rather low (μV…mV range) in modulated SPV spectroscopy.
Therefore, modulated SPV signals fulfill the condition of the
low signal case, i.e., modulated SPV signals are proportional to
the photogeneration rate, which is proportional to the photon flux
(Φ) and σabs. In addition, it is reasonable to suppose that positive
and negative SPV signals originate from independent processes,
i.e., modulated SPV spectra can be considered as a linear super-
position of independent spectral contributions from different
defect states. Incidentally, prolonged diffusion processes, for
example, can lead to spectral contributions that depend on
each other.

Alkauskas, McCluskey, and Van de Walle followed the treat-
ment of Kopylov and Pikhtin and got the following expression
for σabs

[13]

σabsðhυÞ ∝
Z∞
0

exp½�ðEþ Eabs � hυÞ2=Γ2� · ffiffiffi
E

p
· dE

hυ · ðEþ EabsÞ2
(1)

where hυ, Eabs, and Γ denote the current photon energy in the
spectrum, the energy of the sharp absorption onset at the tem-
perature of 0 K and the broadening parameter.

In this work, measured spectra of modulated in-phase (X)
and phase-shifted by 90° (Y) SPV signals were fitted by using
Equation (1), considering the sign (P=�1,þ1) and the amplitude
(Ai) and using the spectra of Φ(hυ) and of the dispersion (D(hυ))

SPVsimðhνÞ ¼ ϕðhυÞ · DðhυÞ ·
Xn
i¼1

½Pi · Ai · σabs,iðEabs,i,ΓiÞ� (2)

where i is the number of a certain defect transition characterized
by σabs,i which is given by Eabs,i and Γi regarding to Equation (1),
and n is the total number of defect states in a spectrum.

An amplitude characterizing directly the absorption cross sec-
tion cannot be obtained since the amplitude depends on the
charge separation length, i.e., the distance between the centers
of separated positive and negative charges, which is uncertain,
and which depends on the mechanisms of charge separation
and relaxation and on the location of defect states in a sample.
Therefore, an effective absorption cross section of a defect tran-
sition i (σabs,eff,i) is introduced

σabs,eff ,iðEabs,i,Γi, AiÞ ¼ Ai · σabsðEabs,i,ΓiÞ (3)

HPHT diamond is known for a wide range of defects.
Here, the effective absorption cross sections of two HPHT dia-
mond samples with very different densities of impurities were
obtained. Furthermore, absorption spectra of different types of

diamond were precisely fitted with the developed procedure
below the bandgap of diamond.

2. Experimental Section

Two Type IIa HPHT (100) multisectorial samples (EB1 and EB2),
grown at Euclid Beamlabs with different growth conditions, were
investigated. Their characteristics are shown in Table 1. Optical
images of both samples in visible, cross-polarized, and deep UV
light are shown in Figure 1a–f. Both samples were strain-free
without any signs of birefringence.

The nitrogen concentration was less than 1000 ppb for sample
EB1 and less than 50 ppb for sample EB2. The areas of samples
EB1 and EB2 were larger than the diameter of the perforated elec-
trode. The thicknesses were 0.3 and 0.5 mm for samples EB1 and
EB2, respectively. In contrast to sample EB2, sample EB1 was
grown with nickel in the metal catalyst.

Figure 1c and d show images under illumination with cross-
polarized light, allowing macroscopic (>10 μm) metallic inclu-
sions inside a diamond matrix. A nonoptimal fast HPHT growth
(sample EB1) results in an increased probability of metal capture
within the diamond. Therefore, we can expect larger amounts of
related defects in sample EB1.

Many atomic defects in diamond, especially point defects
such as nitrogen-vacancy (NV) centers, are often concentrated
at boundaries between growth sectors. Growth sectors emerge
during the HPHT crystal growth process. Under illumination
with deep ultraviolet (DUV) light at photon energies above
5.51 eV (about 225 nm), growth sectors can be separated by dis-
tinct fluorescence patterns because defect densities can be
different in different growth sectors. DiamondView (de Beers
Group) fluorescence images under exposure in DUV light
(about 225 nm) reveal different growth sectors in the samples
(Figure 1e and f ). Sample EB1 (Figure 1e) showed a multisec-
torial nature across the whole sample, whereas sample EB2 had
a large (100) growth sector in the center (large dark area) and
(111) growth sectors near the edges.

Modulated SPV spectra were measured in the same regime and
set-up described recently.[14] In this set-up, a laser driven light
source (Hamamatsu, EQ-99X) with an illumination unit, a mirror-
less double prism monochromator (DPM100,)[14] and an outcou-
pling unit (Freiberg Instruments) are used for illumination of the
sample through a fine perforated front electrode (diameter 7mm).
The optical chopper was set in the outcoupling unit just behind the
exit slit of the monochochromator so that the diameter of the light
spot was small in comparison to the half-period path at the dis-
tance of the light spot to the rotation axis of the chopper wheel
(see also Figure S1, Supporting Information). The chopper fre-
quency was set to 8Hz. Modulated transients were measured after
switching on and off illumination between 0 and 62.5ms (light on)
and 62.5 and 125ms (light off ), whereas the uncertainty in the
switching times was about 1…2ms due to the dimension of
the light spot in the plane of the chopper blade. Transients were
averaged over 40 periods. Measurements were performed without
bias illumination and under bias illumination with defocused laser
diodes of 650, 532, and 405 nm (intensities 3.6, 0.55, and 33mW,
respectively).

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2026, 223, e202500531 e202500531 (2 of 10) © 2025 The Author(s). physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

 18626319, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssa.202500531 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [07/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-a.com


The SPV signals were coupled out with a charge amplifier. The
distance between the electrode and the sample surface was
adjusted with a test signal.

The in-phase (X ) and phase-shifted by 90° (Y ) signals were
obtained by multiplying the time (t) dependent signals with
sin(2π· t/Tmod) and cos(2π · t/Tmod), respectively, and integrating
over 40 · Tmod and normalizing to 40 · Tmod after integration
Equations (4) and (5).

X ¼ 1=40 · Tmod ·
Z40·Tmod

0

SPVðtÞ · sinð2π · t=TmodÞ · dt (4)

Y ¼ 1=40 · Tmod ·
Z40·Tmod

0

SPVðtÞ · cosð2π · t=TmodÞ · dt (5)

The X and Y signals can be assigned to the fast and slow
responses in relation to Tmod. For example, if the SPV signals

increase and decrease within times much shorter than Tmod,
the Y signal is zero. In contrast, if the SPV signals increase
and decrease within times much longer than Tmod, the X signal
is zero (see also Figure S2, Supporting Information).

The spectrum of ϕðhυÞwas previously measured[15] andDðhυÞ
was approximated by:

DðhυÞ ¼
Zhυþ2.2·ΔE

hυ�2.2·ΔE

exp � E
ΔE

� �
2

� �
dE (6)

where ΔEðhυÞ is the spectral line width of the DPM100 mono-
chromator, which was recently published.[15] The shape of the
spectrum of ΔEðhυÞ was fitted with the following expression

ΔEðhυÞ ¼ 0.6eV ·

"
0.087 · expð� hυ�1.1eV

3.2eV Þ
1þ expð� hυ�1.01eV

0.22eV Þ

þ 0.012 · exp � hυ� 1.4eV
0.9eV

� �
2

� �# (7)

In modulated SPV spectroscopy, the signals shall be fast
enough to follow the modulation period, i.e., separation of photo-
generated charge carriers and recombination dominate during
light-on and light-off half-periods, respectively. Depending on
the mechanisms of charge carrier dynamics, the response times
for charge separation and recombination can vary over many
orders of magnitude (limitations, for example, by the dielectric
relaxation time or by thermal excitation).[12] In doped conven-
tional semiconductors, such as Si or GaN, the drift of photogen-
erated charge carriers in depletion regions causes very short
times for charge separation, whereas thermal excitation of
minority charge carriers leads to slow recombination dynamics
of charge carriers separated in space. Charge separation in
undoped diamond is driven by asymmetric trapping of diffusing
charge carriers at surface states and thermal excitation limits the
recombination dynamics. Regarding to,[12,15] the sensitivity of the
method can be illustrated by assuming a moderate charge sepa-
ration (or diffusion) length of about 1 μm and a sensitivity limit
of the order of μV. In such case, the separation and recombina-
tion of about 105 cm�2 s�1 charge carriers should follow the
modulation for getting modulated SPV signals. For comparison,
the photon flux of the given set-up is of the order of
1014…1015 cm�2 s�1, i.e., the absorption of a tiny part of incom-
ing photons by defects is sufficient for generating modulated
SPV signals under sufficient charge separation and
recombination.

Table 1. Characteristics of the diamond samples investigated.

ID Type Growth Orientation, shape and size [mm3] Content of B and N [ppb] Defect density [cm�2]

EB1 IIa
HPHT

Standard metal catalyst with Ni, fast growth,
metallic inclusions present

(100), polygon
13� 12.5� 0.3

[B]< 50
[N]< 1000

>50

EB2 IIa
HPHT

High purity slow growth with nitrogen
getterers (Ca,Ti) in the metal catalyst

(100) with miscut, square
8� 8� 0.5

[B]< 10
[N]< 50

<10

Figure 1. a,c, and e) Photos of samples EB; b,d, and f ) EB2 under illumina-
tion with a,b) visible light; c and d) cross-polarized light; and e and f ) DUV
light at photon energy above 5.51 eV. Red arrows (c and d) show locations
of macroscopic metallic inclusions inside diamond. Dark regions near edges
of EB1 (c) correspond to unpolished areas.
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3. Results and Discussions

Figure 2 shows the contour plots for samples EB1 and EB2 mea-
sured under bias light illumination and measured without bias
light. For modulated transient spectroscopy, a contour plot rep-
resents a map of positive and negative SPV signals on logarith-
mic color scales as a function of photon energy and time whereas
the modulated light was on (first half of Tmod) and off (second
half of Tmod).

The contour plots of samples EB1 and EB2 behave very differ-
ently. The SPV signals of sample EB1 are negative over the entire
spectral range and Tmod, excepting two narrow regions between
about 5.2 and 5.7 eV where positive signals appeared during
the second half period under bias illumination at 405 nm.
Positive and negative signals appeared for sample EB2 indepen-
dent of bias illumination. Maximum negative and positive signals
of up to�50 andþ30mVwere reached for samples EB1 and EB2,

respectively, under strong absorption. For samples EB1 and EB2,
SPV signals set on at about 1 and 2 eV, respectively. The structure
of the contour plots depended on bias illumination. However,
a precise description of onset energies is not straightforward.

Figure 3, 4 show the X and Y spectra deduced from the con-
tour plots at photon energies below 5.2 eV (defect range) for sam-
ples EB1 (Figure 2) and EB2 (Figure 4). The local extrema in the
spectra of sample EB1 around 1.4 eV are related to the lamp spec-
trum. The spectra were measured with and without bias light.
For sample EB1, bias light led to a general decrease in modulated
SPV signals. In contrast, spectral features appeared more pro-
nounced under bias light for sample EB2.

The determination of onset energies is not straightforward
for the analysis of the rather broad spectra of sample EB1.
Numerous changes of the slopes appeared for the Y spectrum
of sample EB1 under bias light at 532 nm, for example, around
1.01, 1.2, 1.7, 1.89, 2.09, 2.27, 2.5, 2.6, 2.87, 3.38, 3.79, 4.49, and

Figure 2. Contour plots over the first (light on) and second (light off ) halves of the modulation period for samples a–d) EB1 and e–f ) EB2 measured
under bias light of 405 nm a and e), 532 nm, b and f ) and 650 nm, c and g) and measured without bias light, and d and h). A, B, and C mark the regions of
defect-related transitions, transitions dominated by exciton dissociation (between 5.26 and about 5.5 eV) and strong absorption (above 5.5 eV).
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4.84 eV, whereas it is unclear which changes of the slopes corre-
spond to transition energies and whereas transitions are hidden
in the range between about 1.25 and 1.6 eV where lines of the
lamp spectrum are prominent. The situation is rather similar
for sample EB2, for which changes of the slopes appeared for
the Y spectrum under bias light at 650 nm, for example, around

1.94, 2.13, 2.4, 2.6, 2.79, 3.09, 3.48, 3.95, 4.47, and 4.75 eV. Here,
for example, it is not clear whether the changes in the slopes
arose due to the onset of characteristic defect transitions
or due to the partial overlap of positive and negative signal
contributions.

In the following, the spectra will be analyzed with respect to
the effective absorption cross section (Equation 2). The X and Y
signals were zero (or equal to the noise) at the lowest (between
0.4 and 0.5 eV) and highest (between 6.8 and 7.3 eV) photon
energies since there was no photon flux in these regions.
Values of Eabs,i, σabs,i, and Ai could not be fitted by one general
algorithm due to rather different amplitudes and overlap of pos-
itive and negative signals. The fitting of the effective absorption
cross sections started from the lowest photon energy. The start-
ing values of the corresponding Eabs,1, σabs,1, and A1 were set to
values close to the maximum slope of the increasing positive or
negative signals, to the approximate range of the increase up to
the maximum slope and to an amplitude about 2 times higher
than the signal at the maximum slope, respectively. In the follow-
ing, Eabs,1, σabs,1, and A1 were fitted until the difference between
the measured and fitted spectra allowed for the definition of start-
ing values for Eabs,2, σabs,2, and A2 from the onset of the differ-
ence spectrum and so on. For the fitting procedure, a software
was developed allowing for manual fitting, generating starting
values.

As an example, Figure 5 shows a fit sequence of Y signals of
sample EB2 under bias light at 650 nm. The fits started from the
lowest photon energy and the number of transitions increased
from n= 1 (Figure 5a) to n= 8 (Figure 5h). The first onset range
could be well fitted with an absorption energy of 2.00 eV. The
positive signals of the first contribution were significantly larger
than the measured signals. The corresponding positive signals of
the first contribution were partially compensated by the negative
signals of the second contribution, so that the range around the
second onset energy was well fitted. For the second onset energy,
an effective optical cross section with an absorption energy of
2.12 eV was obtained. The procedure of fitting the parts of the
spectra nearest to the absorption energy of the previous contri-
bution was repeated until the Y spectrum was fitted over the
entire defect range. For the Y spectrum of sample EB2 under bias
light at 650 nm, a minimum of eights contributions was needed
for the fit. In contrast, 10 changes of the slopes could be distin-
guished in the case of a conventional analysis. Therefore, the con-
ventional analysis of transition energies is not suitable for the
interpretation of rather complex modulated SPV spectra, such
as for HPHT diamond. Furthermore, the remaining residuals,
setting on at about 5 eV were fitted with an exponential (up to
about 5.2 eV), whereas the energy of the exponential tails was
0.07 eV.

The similar fit procedure was applied for all measured X and Y
spectra (see the thin lines in Figure 3 and 4). For sample EB1, the
fits were started with the X and Y spectra under bias light at
405 nm since these spectra showed the clearest features with
the lowest number of changes in the slopes. The absorption ener-
gies obtained from these fits were then used as starting values for
the fits of the other spectra, whereas additional defect transitions
could appear and absorption energies could change as well.

As a general example, Figure 6a shows the measured and fit-
ted spectra of the Y signals under bias light at 532 nm and the
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Figure 3. X (red circles)- and Y (blue triangles)-spectra in the defect range
of sample EB1 measured a) without bias light and under bias light at
b–d) 650, 532, and 405 nm, respectively in the range of photon energies
below 5.2 eV. The red and blue lines are fits with respect to Equation (2).

−0.05

0.00

0.05

0.10650 nm(b)
EB2

−0.1

0.0

0.1

0.2 no bias light(a)

1 2 3 4 5

−0.1

0.0

0.1
532 nm

(d)

1 2 3 4 5

−0.10

−0.05

0.00

)V
m(

egatlovotohP

Photon energy (eV)

 x, measurement
 y, measurement
 x, fit
 y, fit405 nm(c)

Figure 4. X (red circles)- and Y (blue triangles)-spectra in the defect range
of sample EB2 measured a) without bias light and under bias light at
b–d) 650, 532, and 405 nm, respectively in the range of photon energies
below 5.2 eV. The red and blue lines are fits with respect to Equation (2).
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contributions of the 10 transitions that were needed for the fit.
The corresponding values of Eabs,i amounted to 0.96, 1.14, 1.44,
1.68, 2.10, 2.51, 3.06, 3.72, 4.49, and 4.87 eV. Incidentally, the
error of the values of Eabs,i is of the order of 10–20meV (see also
Figure S4, Supporting Information).

As a further example, Figure 6b shows themeasured and fitted
spectra for sample EB2 of the Y signals under bias light at
650 nm and the contributions of the 8 transitions which were
needed for the fit as a minimum. The corresponding values
of Eabs,i amounted to 2.00, 2.12, 2.48, 2.68, 3.33, 3.95, 4.57,
and 4.76 eV. Incidentally, transitions above 5 eV were not consid-
ered in the fit.

The transitions at 0.96, 1.14, 1.44, and 1.68 eV, which were
present in sample EB1, were not observed in sample EB2.
The absorption energies of 2.10, 2.51, 4.49, and 4.87 eV observed
in sample EB1 were close to the values of 2.12, 2.48, 4.57, and
4.76 eV found in sample EB2 whereas the corresponding broad-
ening parameters were much smaller for sample EB2. It is rea-
sonable to relate these four transitions to defects with the same
nature. The absorption energies of 3.06 and 3.72 eV appeared in
sample EB1 but not in sample EB2. Furthermore, the absorption
energies of 2.68, 3.33, and 3.95 eV were detected in sample EB2
but not in sample EB1. For comparison, an increase of absorp-
tion set on at about 2.2 eV and broad absorption bands centered
around 3.3 and 4.5 eV appeared in Ib HPHT diamond.[16] Rosa
et al. assigned defects in CVD diamond with photoionization
energies of 1.2 and 2.2 eV to hydrogen-related bulk defects
and to a substitutional nitrogen defect state, respectively.[17]

Gaubas et al. found photoactivation energies at 0.52, 0.74, 1.1,
1.5, 2.0, 2.7, and 4.0 eV in HPHT diamond.[18]

Incidentally, the quality of the fits depended on the sample and
on the bias light, as can be seen from the residual sum of squares
(RSS). The values of RSS were obtained between 0.4 and 5.0 eV
and are summarized in Figure S3, Supporting Information. The
highest RSS was obtained for the broad spectrum with scarce
structures of the Y signals of sample EB1. The RSS values
decreased with decreasing wavelength of the bias light since
defect transients appeared more pronounced.

Figure 7 shows the effective absorption cross sections of defect
transitions, which were extracted from the fits of the Y signals of
samples EB1 under bias light at 532 nm and EB2 under bias light
at 650 nm. The effective absorption cross sections of sample EB1
were dominated by the broad defect transition with the absorp-
tion and broadening parameters of 3.06 and 0.39 eV, respectively.
For the transitions at 2.10 and 2.51 eV (sample EB1) and 2.12 and
2.48 eV (sample EB2), the values of (σabs,eff,i) were larger by about
5 times for sample EB1 than for sample EB2. For the transitions
at 4.49 and 4.87 eV (sample (EB1) and 4.57 and 4.76 eV (sample
(EB2), the values of (σabs,eff,i) were also larger for sample EB1.

Aside from absorption cross sections of defects, transition
energies also depend on occupation in SPV measurements.
For example, under modulated excitation, the occupation of a
defect state can depend on time, i.e., X and Y signals may be
related to different occupations. Furthermore, the occupation
of defect states was changed by bias light. Here, it shall be
remarked that only qualitative changes were considered for this
study and that the systematic variation of the occupation of defect
states is beyond the scope of this work.

Absorption energies extracted for X and Y signals (Eabs,X and
Eabs,Y, respectively) of samples EB1 and EB2 are correlated with

−50

0

50

)Vµ(
egatlovotohP

EB2(a)

 n = 1 

650 nm bias light
y-signals

(b)

 n = 2 

(c)

 n = 3 

 measurement
 sum of transitions 

         until n
 difference between 

         measurement and sum 
         of transitions until n

 fit of transition n

(d)

 n = 4 

2 3 4 5

−50

0

50

(e)

 n = 5 

2 3 4 5
Photon energy (eV)

(f)

 n = 6 

2 3 4 5

(g)

 n = 7 

2 3 4 5

(h)

 n = 8 

2 3 4 5

(i)

 exp 

Figure 5. Example for a fit sequence of Y signals of sample EB2 under bias light at 650 nm with respect to Equation (2) starting from the lowest photon
energy and increasing the number of transitions from a) n= 1, b–g) via n= 2–7, and h) to n= 8 and implementing an exponential at highest photon
energies. Eight defect transitions were necessary for the complete fit of the given example up to about 5 eV.
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each other for measurements without and with bias light in
Figure 8. Incidentally, not all transitions were unambiguously
detected in both spectra of X and Y signals, i.e., some transitions
might be missing, what was the case, for example, between 4 and
4.6 eV for sample EB1. Therefore, one has to keep in mind that
the analysis of modulated SPV spectra by using Equation (2) can
still bear some uncertainties.

For sample EB1, Eabs,X, and Eabs,Y were nearly identical at ener-
gies below 4 eV, i.e., thedynamics of charge separation and relaxa-
tion were rather similar. In contrast, Eabs,Y was less than Eabs,X in
several cases at photon energies above 4 eV. The red arrows mark
characteristic defect transitions in Figure 8. Transitions around
1.00, 1.45, 2.12, 3.1, and 4.8 eV were present under all measure-
ment conditions for sample EB1, whereas values of Eabs,X and
Eabs,Y did scatter, for example, over up to 0.1 eV for 1.45
and 0.2 eV for Eabs,Y around 4.8 eV. Transitions around 1.2,
1.68, 2.56, 3.67, and 4.3 eV were present, not for all measurement
conditions, for example, transitions around 1.2, 1.68, 2.56, and
3.67 eV were only absent under bias light at 405 nm.

For sample EB2, the values of Eabs,X and Eabs,Y did scatter
strongly than for sample EB1. This is not surprising since the
signal-to-noise ratio was much smaller for sample EB1 than
for sample EB2. Furthermore, four transitions appeared around
2.00, 2.12, 2.48, and 2.66 eV for sample EB2. In contrast, two

transitions were sufficient for the fits of sample EB1 in this
range. The transition with Eabs around 1.35 eV was very weak
and appeared only under bias light at 532 nm.

In the following, the transition energies Eabs,i measured by
modulated SPV spectroscopy are compared with related empiri-
cal data obtained by absorption or photoelectric spectroscopy,
such as photocurrent or constant photocurrent measurements
(PC or CPM) or optically detected deep level transient spectros-
copy (ODTS), and with specific transition energies obtained by
density functional theory (DFT) analysis. It shall be noted that
a direct comparison with luminescence data is not possible
due to the different role of Stokes shifts. Furthermore, one
should keep in mind that the assignment of Eabs,i to a certain
transition may be rather speculative without more detailed exper-
imental work. Absorption lines have been carefully studied in
diamond gems.[19–21] Nitrogen was present in both crystals.
The substitutional nitrogen donor in diamond is 1.7 eV below
the conduction band edge.[22] CPM data showed absorption
bands at 1.6, 4.0, and 4.7 eV on nominally undoped diamond
and at 2.4 and 4.7 eV in nitrogen-rich diamond,[23] whereas broad
absorption bands at 1.0, 2.3, 3.0, and 4.2 eV were observed as well
in nitrogen-doped diamond.[24] Nesládek et al. interpreted broad
absorption features below the bandgap of diamond by transitions
caused by sp2 hybridization (π–π*, peak energies between 2.9
and 3.4 eV depending on the sample) and by transitions from

(a)

(b)

Figure 6. Example for the measured (black circles) and fitted (thick red
line) spectrum of the Y signals of sample a) EB1 under bias light at
532 nm and b) of sample EB2 under bias light at 650 nm and for the con-
tributions of the transitions which were necessary for the fit of sample EB1
(Eabs,i= 0.96, 1.14, 1.44, 1.68, 2.10, 2.51, 3.06, 3.72, 4.49, and 4.87 eV (thin
blue, magenta, dark yellow, navy, olive, orange, violet, wine, purple, and
dark cyan lines, respectively)) and of sample EB2 (Eabs,i= 2.00, 2.12, 2.48,
2.68, 3.33, 3.95, 4.57, and 4.76 eV (thin red, blue, dark yellow, olive,
orange, violet, magenta, and purple lines, respectively)). The boxes at
the right side give also the corresponding values of the broadening param-
eters (Γi).

10−5

10−4

10−3

10−2

).nu.bra(
noitces

ssorc
noitprosba

evitceffE

532 nm bias light

EB1

Y signals

(a)

1 2 3 4 5

10−5

10−4

10−3

10−2

Photon energy (eV)

EB2
650 nm bias light
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Figure 7. Effective absorption cross sections of defect transitions
extracted from the fits of the Y signals of samples a) EB1 under bias light
at 532 nm for the contributions with the absorption energies Eabs,i= 0.96,
1.14, 1.44, 1.68, 2.10, 2.51, 3.06, 3.72, 4.49, and 4.87 eV (thin blue,
magenta, dark yellow, navy, olive, orange, violet, wine, purple, and dark
cyan lines, respectively) and b) EB2 under bias light at 650 nm for the con-
tributions with the absorption energies Eabs,i = 2.00, 2.12, 2.48, 2.68, 3.33,
3.95, 4.57, and 4.76 eV (thin red, blue, dark yellow, olive, orange, violet,
magenta, and purple lines, respectively).
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sp2 orbitals into the conduction band (π-Σ*, peak energies
between 3.62 and 4.45 eV depending on the sample).[25]

Features with onsets at 1.3 and 2.2 eV in PC spectra were attrib-
uted to a hydrogen-related defect and the single-substitutional
nitrogen defect, respectively.[26] Two excitation energies at 0.9
and 1.25 eV were distinguished by ODTS, whereas the transition
at 1.25 eV was ascribed to the positively charged vacancy.[27] DFT
analysis of charged nitrogen impurity defects showed, for exam-
ple, transitions at about 1.8 and 4.4 eV above the valence band for
the negatively charged NV complex and at about 4.8 eV above the
valence band for the positively charged Nþ defect.[28] Silicon can
form complexes with vacancies and hydrogen having for exam-
ple, electronic states at about 1 and 5 eV above the valence band
as found by DFT analysis.[29] Nickel can play an important role in
the formation of defects in HPHT diamond. A broad absorption
band near 1.4 eV and a series of absorption lines near 3.1 eV were
associated with nickel-related optical centers.[30] It was shown
that the Ni-acceptor has an energy level of about 2.0 eV above
the valence band.[31] Nickel complex defects were found by
DFT analysis, for example, at 1.71, 2.17, 2.71, and 4.18 eV above
the valence band.[32] It was shown by DFT analysis that oxygen
related defects can have positions, for example, in the ranges of
3.6 eV above the valence band or 2.6 and 1.4 eV below the valence
band.[33] The onset at about 5 eV (see Figure 4) can be explained
by boron acceptors.[24] Table 2 summarizes the values of Eabs,i
and gives possible assignments to defects. It is worth to note that
SPV spectroscopy is highly sensitive to electronic and charge-
related defect states, even if those defects are “dark” (nonfluores-
cent), making it powerful for locating and characterizing nonflu-
orescent or shallow electronic traps near the surface. However, it
also makes difficult a direct assignment of “dark” defect without
complimentary techniques. Furthermore, it shall be pointed out
that fluorescence and/or absorption spectroscopies can be com-
plementary to modulated SPV spectroscopy since excited charge
carriers are not necessarily separated in space. Incidentally, the
extracted σabs,eff,i values are of the same order as values of the full

width of half maximum (FWHM) for defect transitions obtained
by CPM (see, for example,).[23,26]

The defect transitions fit developed in this work is a general
approach allowing for fitting any absorption spectra in defect

1 2 3 4 5

1

2

3

4

5

E a
bs

,Y
 (e

V)

Eabs,X (eV)

 EB1 

(a)

1 2 3 4 5

 no bias light
 650 nm
 532 nm
 405 nm

 EB2 

(b)

Figure 8. Summary of the absorption energies of defect transitions in samples a) EB1 and b) EB2 obtained from the fits of the spectra of the X and Y
signals measured without bias light (black squares) and under bias light at 650, 532, and 405 nm (red circles, blue triangles and olive stars, respectively).
The red arrows mark characteristic regions of defect transitions for Eabs,Y.

Table 2. Absorption energies of observed transitions in samples EB1 and
EB2 and possible assignments to defects.

EB1 Eabs,i [eV] Possible assignment EB2 Eabs,i [eV] Possible assignment

1 1.01 Si-V:H[29] –

2 1.14 Si-V:H2[29]

a-C[18]
–

3 1.22 N-V-N[20]

Vþ[27]
–

4 1.46 O related[33] 1.34 H-related[26]

5 1.69 Ns
[22]

V0[20]
–

6 – 2.01 NV�[20,28]

7 2.12 Ns
[26]

NV0[20]
2.12 Ns

[26]NV0/�

8 – 2.47 N related[23]

4 N+2 V[20]

9 2.6 O related[33]

NisVNs
[32]

2.69 N2V
0[20]

10 3.06 3 N+V[20]

π-π*[25]
–

11 – 3.33 Nis
�[31]

12 3.66 O related[33] 3.44 Nis
�[31]

13 – 4.01 N related[25]

14 4.25 Si-V:H,H2
[29] –

15 – 4.4 NV�[28]

16 – 4.65 N related[23]

17 4.82 Nþ[28] 4.78 Nþ[28]
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regions. Advantages of fitting absorption spectra are that there
are no changes of the sign in the difference to modulated
SPV spectra and that (effective) absorption cross sections are
directly related to the absorption spectra, i.e., without an uncer-
tainty between regions in which absorption and charge separa-
tion take place, as can be in SPV measurements. In the past,
absorption spectra of diamond were obtained mainly from
CPM and photohermal deflection spectroscopy (PDS) measure-
ments. As an example, Figure 9a–d show some measured

absorption spectra deduced from data published in literature
in the 90ies and corresponding defect transitions fits with a min-
imum of defect transitions necessary for a satisfactory fit.
Incidentally, a satisfactory fit means that the quality of the fit does
not improve significantly if further increasing the number of
transitions.

In the past, absorption spectra could not be so well fitted. For
example, some authors characterized defect transitions via onset
energies, in some cases even in logarithmic plots. In contrast to
previous works, the values of Eabs,i and Γi can be obtained with
high accuracy over the overall measured absorption spectra by
applying the procedure of defect transitions fit developed in this
work. The numbers of transitions necessary for satisfactory fits
are given in the Figure 9a–d and the corresponding values of
Eabs,i, Γi and Ai are summarized in Table 3. Striking differences
appeared in number of transitions and transition energies given
by the authors and obtained by the defect transitions fit. This
shows that the application of defect transitions fit opens a
new way for a detailed analysis and therefore for a new interpre-
tation of previously measured data.

4. Conclusions

It has been shown that the rather complex modulated SPV spectra
of HPHT diamond can be well fitted by taking into account a sum
of absorption (or photogeneration) cross sections of defects. This
means that the SPV signals correspond to the small signal case
and that the charge separation and relaxation processes related
to photogeneration from the different defects are independent
of each other. Up to ten absorption energies and broadening
parameters were obtained over the entire bandgap of diamond,
depending on preparation. It was shown that the application of
bias light can be used to suppress or enhance certain transitions,

10-3
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100

101

102

1 2 3 4 5

100
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1 2 3 4 5

measured data after Rohrer, 1998(a)
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).nu.bra(tneiciffeoc
noitprosbA
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(d)
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measured data after Meykens, 1996

Figure 9. Defect transitions fits (red lines) of measured absorption spectra (data after literature, thick black lines) for spectra shown in a),[24] b),[17] c),[25]

and d)[16]. The thin colored lines mark the effective absorption cross sections of transitions contributing to the overall absorption spectrum.

Table 3. Defect transition parameters obtained from the fits shown in
figure 9 and values of transition energies from original papers.

Diamond type Defect transitions
fit

Transition energies
from reference [eV]

Reference of
absorption spectrum

Eabs,i [eV] Γi [eV]

CVD, 57 μm 1.52
1.92
2.25
3.08
3.19
4.61

0.23
0.20
0.09
0.34
0.07
0.38

1.0
2.3
3.0
4.2

[24]

CVD, annealed
and oxidized

2.80
3.83

0.31
0.72

2.2 [17]

HPHT, Ib 1.77
2.82
3.55
4.15
4.25

0.25
0.31
0.33
0.14
0.04

– [25]

Flame grown
on {110} natural
diamond, IIa

1.92
2.52
2.82
4.01
5.01

0.61
0.45
0.15
0.51
0.29

2.2
3.3
4.5

[16]
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giving the opportunity for more detailed analysis of the role of the
photogeneration rate in the future. Our general approach of SPV
analysis opens a new perspective for contactless photoelectric char-
acterization of defects not only in diamond but also in other photo-
active materials. In addition, the developed fitting procedure is
applicable for the precise characterization of defect transitions
in the absorption spectra of any semiconductor.
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J. Rosa, G. Janssen, J. J. Schermer, Diamond Relat. Mater. 1996,
5, 958.
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