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ABSTRACT

Photoluminescence (PL) bands frompotassiumdihydrogen phosphate (KDP) crystals are studied by time-resolved PL spectroscopy. KDP crystals
irradiated at a laser fluence of 11.5 J/cm2 are found to have the highest probability of phosphorus–oxygen hole center defects and the lowest
probability of phosphorus-oxygen electric center defects, in contrast to theprobabilities of these defects forKDPcrystals irradiated at 9.0 J/cm2.The
probabilities of these two defects occurring in retired components are found to be intermediate between those for crystals irradiated at the two
different fluences. The two types of defects may result from two different mechanisms andmay interconvert under certain conditions. Thus, there
are differences between the defects in KDP crystals irradiated at a high laser fluence and those in retired components.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunderaCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5143289

I. INTRODUCTION

Potassiumdihydrogen phosphate (KH2PO4 or KDP) crystals are
widely used in nonlinear optics owing to their high-frequency
conversion qualities and because they can be grown rapidly. They
are important in large laser systems, such as the National Ignition
Facility in the USA.1 However, crystals in such high-power systems
are subject to laser-induced damage (LID), which limits the output of
the system.2,3

LID arises from defects or impurities created during the crystal
growth process. Themost commondefects in KDP crystals are related
to the hydrogen bonds among the PO4 groups. Many studies have
reported two kinds of defects that are caused by hydrogen bonding,
namely, A and B radicals. Duchateau et al.4 reported the formation of
B radicals and self-trapped excitation defects in KDP and deuterated
KDP (DKDP) crystals irradiated by femtosecond laser pulses at
800 nm, whereas A and B radical defects were formed at wavelengths
under 266 nm.5 Ogorodnikov et al.6–9 showed that the luminescence
spectrum at 5.1 eV originates from the radiative annihilation of self-
trapped excitons (STEs). These defects may participate in ionization
processes and lead to the formation of a plasma, resulting in LID.10

Although defects in KDP crystals have been extensively studied, the
evolution of defects in laser-irradiated KDP crystals remains poorly
understood.

Time-resolved photoluminescence (PL) spectroscopy is a sen-
sitive method for defect detection and can also be used to obtain the
decay lifetime. This method is able to provide real-time information
onmicroscopic structural changes in KDP crystals. There have been a
number of reports of PL properties and structural defects in KDP
crystals,11–15 although defect evolution has rarely been studied. In the
present work, the evolution of defects was investigated through time-
resolved PL spectroscopy both in KDP crystals subjected to laser
irradiation at high fluences and in retired components. The defects in
the laser-irradiated KDP crystals and the retired components were
then compared. The samples and experimental procedure are de-
scribed in Sec. II. Results are presented and discussed in Sec. III.
Conclusions are summarized in Sec. IV. This work shows that the
probabilities of defects appearing in retired components are different
to those appearing in KDP crystals irradiated by lasers at high
fluences.

II. SAMPLES AND EXPERIMENTS

Some of the samples were retired components. These were ir-
radiated by 400 pulses. The average and peak fluences were 1.2 J/cm2

and 1.8 J/cm2, respectively. These crystals were of dimensions
103 203 1 mm3. The remaining KDP crystals were irradiated with
fluences of 9.0 J/cm2 and 11.5 J/cm2. These crystals were of
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dimensions 103 103 1 mm3. The sample and laser parameters are
discussed in detail in Ref. 16.

PL signals from the samples were collected using a custom-built
micro-PL system. The time-integrated PL spectra were measured
using a spectrometer (MS2004i, SOL Instruments) equipped with a
1200 lines/mm grating (with a spectral resolution of 0.4 nm). A
405 nm picosecond diode laser (PiLas, A.L.S. GmbH) was used for
excitation. The fast signals were detected and recorded by a micro-
channel plate photomultiplier tube (R3809U-50, Hamamatsu)
with a high-speed amplifier (C5594 series, Hamamatsu) and a time-
correlated single-photon countingmodule (TCSPC) board (SPC-130,

Becker & Hickl GmbH). The lifetime spectra were also measured
using a TCSPC module (SPC-130). In the experiments, the 400 nm
and 800 nm PL spectral regions were explored.

III. RESULTS AND DISCUSSION

The spectrum of the light source with 405 nm excitation
wavelength is shown by curve (a) in Fig. 1, while curves (a) and (b) are
PL emission spectra from a KDP crystal at different damage sites. The
emission spectra from both sites are in the form of a broad band
ranging from 400 nm to 800 nm and centered at 520 nm. However,
differences can be observed between these emission spectra, which
suggests that the defects might have different origins.

Figure 2 shows experimental and simulated spectra, together
with Gaussian fits. The excitation light source spectrum [Fig. 2(a)]
consists of two peaks: A1 and A2. In the emission spectra from the
KDP crystal at two different damage sites [Figs. 2(b) and 2(c)], the
peaks on the high-energy side are the same as those in the source
spectrum and thus are independent of the crystal structure. On the
low-energy side, however, there are clear differences between the
spectra from the two damage sites, and it can be assumed that the
different bands in these spectra arise from different types of defects. It
is found that each type of defect can be successfully fitted by its own
Gaussian curve with the parameters shown in Table I.

Müller17 identified several intrinsic lattice defects in KDP
crystals by electron paramagnetic resonance spectroscopy. The two
simple defects are vacant (L defect) and twice-occupied (D defect)
hydrogen bonds. A considerable number of L defects are formed
during crystal growth. The H2PO4

− group loses a proton of the hy-
drogen bond and forms an A radical, which is a hole-trapping center.
This group is the closest to the hydrogen vacancy and is located at the

FIG. 1. (a) Spectrum of light source. (b) and (c) PL emission spectra from a KDP
crystal at different damage sites.

FIG. 2. Experimental spectra (black solid curves), simulated spectra (red dashed curves), and Gaussian fits (blue dashed curves): (a) excitation light source; (b) and (c) PL
emission spectra of a KDP crystal at different damage sites.
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oxygen atom. The A radical can be formed in two ways. The first is
related to the L defect and forms as follows: L + h+ → L+ ≡ A. The
second results in holes after laser radiation.

A hydrogen ion captures an electron and transforms into a
neutral hydrogen atom. This atom is then pushed outside the regular
lattice site. The closest oxygen atom to the vacancy captures a hole and
forms anA radical.When the neutral hydrogen atom attaches at a free
position of a hydrogen bond, an H3PO4 group (D defect) is formed.18

Through electron paramagnetic resonance, Setzler et al.19 found that
the concentration of the A radical corresponds to that of neutral
hydrogen atoms. The B radical is a self-trapped hole, and its formation
is accompanied by the formation of an electron-trapping center.
Interstitial hydrogen ions are common electron-trapping centers in
KDP crystals.

Previous studies have shown that radiation induces defects in
phosphate glasses.20–22 Several color centers have been determined,
and these are responsible for absorption bands. However, the PL
bands associated with these defects have rarely been discussed in the
literature. In Fig. 2, the PL band at 467 nm is associated with an L
defect, which, according to Ogorodnikov et al.,23 become an A radical
when a hole is localized. This band plays an important role in the
optical properties of KDP crystals and has therefore been the subject
of intensive studies. Green PL bands (400–800 nm) are commonly
reported at LID sites. These bands can be assigned to well-known
defects. The 510 nm PL band has been attributed to electron–hole
recombination close to the PO4 group.24 The 560 nm PL band is
attributable to an A radical. The broad PL band centered at 587 nm
has been attributed to a laser-induced phosphorus–oxygen hole
center (POHC) defect.25 This defect is a typical result of laser irra-
diation damage in the phosphate network.26 The origin of the 635 nm
PL defect has rarely been considered in the literature. The present
study proposes that this defect may be the result of a phosphorus–
oxygen electric center (POEC). This assignment is supported by the
presence of a similar defect in fused silica. Fused silica and KDP have
similar atomic structures and exhibit spectroscopic similarities. PL
spectra were obtained from KDP crystals at different damage sites,
and the associated defects were found to be different from those
associated with the spectra shown in Fig. 2. Spectral parameters were
obtained by fitting to Gaussian curves. The bands were found to
consist of several overlapping components.

The PL spectra of both retired components and KDP crystals
irradiated at 9.0 J/cm2 and 11.5 J/cm2weremeasured, and hundreds of
sites with PL signals were found at each fluence. Table II shows the
statistical results for the PL bands. Similar fluorescence behavior was

found for all the samples. The defects are assumed to be related to the
H2PO4

− group. The 467 nm, 510 nm, and 560 nm bands appear in the
damage craters, whereas the 587 nm and 635 nm PL bands appear at
other sites. The retired components have medium, long, and short
chains, whereas only short and medium chains are found in crystals
irradiated with 9.0 J/cm2 and 11.5 J/cm2, respectively.16

We have defined the probability of a particular type of defect as
the percentage of the number of such defects to the total number of
defects measured during the experiment. Table II shows that the
probability of POHC defects in KDP crystals irradiated at a laser
fluence of 11.5 J/cm2 is 85.5%, whereas the probabilities of these
defects in retired components and crystals irradiated at 9.0 J/cm2 are
54.1% and 52.0%, respectively. By contrast, the probability of POECs
in KDP crystals irradiated at a laser fluence of 11.5 J/cm2 is 2.4%, and
the probabilities in retired components and crystals irradiated at
9.0 J/cm2 are 13.5% and 29.6%, respectively. These defects may result
in two different, but interchangeable, ways. The POHC defect is
primarily present in medium-chain structures, because oxygen
bridges are formed in long-chain structures. These bridges increase
the lengths of P–O bonds and thus facilitate the formation of POHC
defects. POECs occur primarily in short-chain structures following
the loss of –OH groups. Thus, KDP crystals irradiated at a laser
fluence of 11.5 J/cm2 have the highest probability of POHC defects
and the lowest probability of POECs. This is in contrast to what is
found for KDP crystals irradiated at 9.0 J/cm2. The probabilities of
these two defects occurring in retired components are intermediate
between the probabilities for KDP crystals irradiated at the two
different fluences. This is primarily due to the inhomogeneous nature
of the damages to the retired samples and to the low fluence below 400
pulses. These two types of defects interconvert under certain con-
ditions. This led to the differences between the defects in the KDP
crystals irradiated at a high laser fluence and those in the retired
components.

TABLE I. Parameters of peaks with Gaussian fitting for samples irradiated by different fluences.

Position Area (a.u.) FWHM (nm)

Peak a b c a b c a b c

A1 417.92 418.43 418.08 4.25 4.40 4.13 5.27 6.12 5.75
A2 424.10 426.66 426.04 4.41 6.38 3.99 13.68 20.85 14.16
B 467.96 473.49 15.16 17.59 52.87 76.05
C 510.95 512.91 9.56 14.11 46.44 58.64
D 550.50 560.09 15.68 22.00 73.81 79.51
E 587.89 29.70 152.81
F 635.14 34.22 216.69

TABLE II. Probabilities of different types of defects.

B C D E F

Position (nm) 467 510 560 587 635
9.0 J/cm2

fluence (%) 100 92.9 100 52.0 29.6
Retired (%) 100 94.0 100 54.1 13.5
11.5 J/cm2

fluence (%) 100 98.8 100 85.5 2.40
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Irradiation leads to electron transitions from the ground state to
an excited state. These excited electrons then return to the ground
state by relaxation or radiation. If the rates of radiative and non-
radiative transition are denoted by Γ and knr, respectively, the decay
rate is given by

dn(t)
dt

� − Γ + knr( )n t( ), (1)

where n(t) is the number of electrons in the excited state, and Γ and knr
are the rates of radiative and nonradiative transition, respectively. The
decay equation is then

n t( ) � n0exp(−td/τk), (2)

where τ is the decay lifetime. Given that the fluorescence intensity is
proportional to the number of decaying electrons, the PL spectra of
the PL bands show that the initial intensity is Ik(λ) at wavelength λ.

27

The decay lifetime τk for the kth PL band is a single exponential, and
the signal S(λ, td) at a time delay td can then be described as follows:

S λ, td( ) ��
k

Ik(λ)exp(−td/τk). (3)

The lifetime, band width, and initial intensity of each PL band can be
analyzed by multi-exponential fitting with different decay times. The
number of overlapping PL bands is important, because it can be used
to determine the number of fitting parameters in the multi-
exponential fit. When the number of the PL bands has been con-
firmed, the intensity Ik(λ) and lifetime τk of each band can be found by
multi-exponential fitting of the bands in accordance with Eq. (3).

Figure 3 depicts the emission decay curves at 405 nm excitation
energy. These curves can be effectively fitted by a double-exponential
function.

I(t) � I1 exp(−t/τ1) + I2 exp(−t/τ2) + I0, where τ1 and τ2 are the
lifetimes (in the nanosecond range) in our experiment. The lifetimes
at 600 nm represent the same decay kinetics. Comparison of the

spectra in Figs. 2(b) and 2(c) reveals that the peak C is shared by the
overlapping PL bands at 600 nm. Table III shows the fitting pa-
rameters for a double-exponential fit of the PL decay kinetics at
600 nm. The lifetime τ1 of the A radical is ∼4 ns. The lifetimes of the
POHC and POEC defects are 0.74 ns and 0.04 ns, respectively. The
double-exponential lifetimes may result from the structural prop-
erties of the host lattice and the presence of two different types of
defect in the crystal.

IV. CONCLUSIONS

The origin of PL bands from KDP crystals at different damage
sites has been studied on the basis of the combined lifetime and
intensity spectra from time-resolved PL spectroscopy. Overlapping
PL bands in the KDP crystals have been investigated in detail. A
lifetime spectrum method has been introduced to efficiently resolve
strongly overlapping PL bands. The broad PL band at 587 nm is
attributable to a laser-induced POHC defect. The 635 nm PL defect
may be the result of a POEC defect. The probabilities of these two
types of defects occurring in retired components are intermediate
between the probabilities of their occurrence in KDP crystals irra-
diated at different laser fluences. These defects may result from two
differentmechanisms andmay interconvert under certain conditions.
As a consequence there are differences between the defects in KDP
crystals irradiated at a high laser fluence and those in retired
components.
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