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Abstract

A complex investigation of the dynamics of electronic excitations in the hydrogen bonded crystals of potassium and ammonium
dihydrophosphates—KH>PO4 (KDP) and NH4H,PO4 (ADP)—is performed by the means of the low-temperature time-resolved vacuum
ultraviolet (VUV) optical luminescence spectroscopy with subnanosecond time resolution and with selective photoexcitation by synchrotron
radiation. For KDP and ADP crystals, data on the kinetics of the photoluminescence (PL) decay, the time-resolved PL spectra (2-6.2¢eV), and
the time-resolved excitation PL spectra (4-24eV) at 8§ K were obtained. The intrinsic character of the PL of KDP (5.2eV) and ADP (4.7¢eV),
which is caused by the radiative annihilation of self-trapped excitons (STEs), is ascertained. Possible channels of generation and decay of
relaxed and unrelaxed electronic excitations in KDP and ADP crystals are discussed.
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1. Introduction

Nonlinear optical crystals of potassium and ammonium di
hydrophosphates—KH,>PO4 (KDP) and NH4H,PO4 (ADP)—
are used in short-wavelength laser technology and nonlinear
and integrated optics (Rashkovich, 1991). Crystalline KDP
is an ferroelectric with the Curie temperature 7, = 123K,
whereas ADP is an antiferroelectric with 7. = 148 K. Below
T., KDP and ADP belong to the orthorhombic system with
the point symmetry group. Both crystals have similar lattices,
which consist of phosphate groups of two types with different
orientations. Each POy4 group is linked with four neighbour-
ing PO4 groups by hydrogen bonds. Hydrogen bonds play an
important role in the migration of electronic excitations and
the energy transfer between phosphate groups. The low en-
ergy tails of fundamental absorption (FA) of KDP and ADP
are located at 180 nm in the vacuum ultraviolet (VUV) spec-
tral range. Therefore, despite the long-term investigations and
wide practical application of KDP and ADP, only a few works
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are known (Baldini et al., 1972; Saito et al., 1974) in which
these materials were studied by the means of the optical VUV
spectroscopy.

The main goal of the present study was to investigate the
dynamics of electronic excitations and luminescence in KDP
and ADP crystals using a low-temperature VUV luminescence
and optical spectroscopy with time resolution upon selective
excitation with synchrotron radiation.

2. Experimental details

The time-resolved photoluminescence (PL) spectra (2-6.
2eV), the time-resolved PL excitation spectra (3.5-24eV),
and the time-resolved PL decay kinetics were studied at the
SUPERLUMI station of HASYLAB using selective excitation
with synchrotron radiation. Time-resolved spectra were mea-
sured in a time window with width Az, delayed with respect to
the beginning of the excitation pulse by o¢. In this study, we
performed simultaneous measurements in two time windows: a
fast component (6t =1.2 ns, At; =12 ns) and a slow component
(0t = 230ns, Aty = 167 ns). Simultaneously, time-integrated
PL spectra were recorded. The other experimental details
were the same as reported by us earlier (Ogorodnikov et al.,
2004).
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We used KDP and ADP single crystals of high optical quality
grown at Issyk-Kul State University (Karakol, Kyrgyzstan). The
samples were prepared in the form of plane-parallel plates 7 x
7 x 1mm? in size with polished laser-quality surfaces oriented
perpendicular to the crystallographic axis c.

3. Results and discussion

Excitation of ADP crystals by photons with energies in the
vicinity of the low energy tail of FA at 8 K leads to the occur-
rence of intense PL mainly in two Gaussian bands at 2.6eV
(full-width at half-maximum (FWHM) = 0.47eV) and 4.7 eV
(FWHM = 0.93eV) (Fig. 1). Heating to temperatures above
20K leads to similar thermal quenching of both bands. Com-
parison of the time-resolved PL spectra (Fig. 1) indicates that
the PL bands related to the fast and time-integrated components
have similar shapes; the PL. of ADP at § K is mainly due to the
fast component (time window At;), and the contribution of the
slow component is relatively small.

The excitation spectrum of the PL band at 4.7 eV is located
in the FA region of ADP (Fig. 2). The low energy falloff of
the excitation spectrum of the fast component (time window
Aty) coincides with the low energy tail of FA of ADP and the
excitation has highest efficiency at v = 7.3eV. The optical
absorption coefficient of ADP at this energy is about 2000 cm ™!
(Baldini et al., 1972). With a further increase in Av to 9.3¢V,
the efficiency of excitation of the 4.7 eV PL band decreases by
more than a factor of 10, remaining at this level up to hv=22¢V.
Saito et al. (1974) showed that the energy range from 8.5 to 9 eV
corresponds to the beginning of interband transitions in ADP.

The excitation spectrum of the slow component of the 4.7 eV
PL band (time window At) has another shape. In the vicinity
of the low energy tail of FA, the excitation spectrum is a wide
band peaked at hv=9.7¢eV (Fig. 2).

The 2.6 eV PL band of ADP crystals is efficiently excited at
8 K both in the region of optical transparency and in the FA
region. The bands peaked at 5.2, 6.2, and 9.7 eV are dominant in
the excitation spectrum (Fig. 2). In the FA region, the excitation
spectrum of the 2.6eV PL band has the same shape as that
for the slow component of the 4.7eV PL band (Fig. 2). Upon
excitation in the transparency region, the character of the 2.6 eV
PL band of ADP changes. In this case, the contribution of
the slow component to the PL is dominant (Fig. 1). The PL
spectrum of the slow component is a band peaked at 2.7eV
(FWHM = 0.62¢V) with a shoulder at 2.2eV. In addition to
these bands, the PL spectrum of the fast component contains a
weak band near 3.5eV (Fig. 1).

The PL decay kinetics includes two fast exponential compo-
nents with time constants 71 and 7, in the nanosecond time-
range and superposition of relatively slow components in the
micro- and millisecond time-ranges, which manifests itself as a
constant-level background (pedestal) in our measurements (Fig.
3). The numerical values of the kinetics parameters depend on
hv. Upon photoexcitation in the region of creation of free exci-
tons (hv="7.4¢eV), both PL bands (at 2.6 and 4.7 ¢V) are charac-
terized by the decay kinetics with the identical parameters: 11 =
7ns, =15 ns, the contribution of the pedestal to the total opti-
cal sum is 10-15%. Upon excitation in the transparency region,
the decay kinetics of the 2.6eV PL band has another parame-
ters: 71 = 1.7 ns, 7o =7 ns, the pedestal contribution is 80-85%.
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Fig. 1. Normalized spectra of the (1, 6) time-integrated, (2, 4) fast, and (3, 5) slow components of the PL of ADP at 7 = 8K and hv="7.4¢eV (1-3) and

6.2eV (4-6).
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Fig. 2. Normalized excitation spectra of the (1, 4) time-integrated, (2, 5) fast, and (3, 6) slow components of the (1-3) 4.7eV, and (4-6) 2.6eV PL bands of

ADP at T =8K.

Analysis of our results (Figs. 1 and 2), the data of
Ogorodnikov et al. (2001, 2003, 2004) and Diéguez et al.
(1984) showed that, at temperatures below 50 K, PL bands at
2.5-2.6eV and PL bands at 4.7-5.2 eV with similar properties
are observed in the PL spectra of undoped KDP and ADP
crystals. At low temperatures, these bands are dominant both
in the PL spectra upon photoexcitation in the FA region and
in the X-ray induced luminescence spectra. The temperature
quenching of both bands in the spectra of ADP and KDP crys-
tals occurs in the same way above 20 K. Ogorodnikov et al.
(2001, 2003, 2004) showed that these PL bands in KDP have
an intrinsic origin. Similarity of these systems leads us to the
opinion that the 2.6 and 4.7eV PL bands in the ADP crystals
can have similar origin. Let us to discuss this in more details.

The low-temperature broadband luminescence of ADP crys-
tals at 4.7 eV has the following characteristic features: a large
(2.6eV) Stokes shift, the absence of selective photoexcitation
bands in the transparency region of ADP, the excitation of PL
only in the FA region of ADP, the highest efficiency of pho-
toexcitation near the low energy tail of FA, the presence of
exponential components in the PL decay kinetics, the absence
of luminescence ‘freezing’ upon cooling to 8 K, and no direct
correlation between the luminescence and the presence of par-
ticular defects in ADP crystals. The large value of the Stokes
shift and the wide luminescence band unambiguously indicate
the local character of the luminescence, strong electron—phonon
interactions, and the significant lattice relaxation on localiza-
tion of electronic excitations. Such features are characteris-
tic of the luminescence due to the radiative annihilation of

self-trapped excitons (STEs). Ogorodnikov et al. (2003, 2004)
revealed previously an STE luminescence with similar proper-
ties in KDP, which belongs to the same family as ADP. The
characteristics of the 4.7 eV PL band of ADP (Figs. 1-3) corre-
late well with the characteristics of the STE luminescence band
of KDP (Ogorodnikov et al., 2004). Thus, the low-temperature
PL band of ADP at 4.7 eV has also the same origin arising from
the radiative annihilation of STEs.

The similarity of the PL spectra of ADP and KDP crystals
is due to the features of their crystallographic and electronic
structure. Crystallographically, these are isomorphous crystals.
At temperatures below the Curie point, the electronic structure
of ADP and KDP crystals is determined mainly by the an-
ionic HoPOy4 group. Saito et al. (1974) and Stasyuk and Stetsiv
(1991) showed that the upper occupied molecular orbitals of
this anionic group, whose energy positions correspond to the
top of the valence band of ADP and KDP, are formed from
almost pure 2pnm oxygen orbitals, while the lowest unoccu-
pied orbitals, corresponding to the bottom of the conduction
band, are formed of 1s hydrogen orbitals. The electronic tran-
sition with the lowest energy in the HyPO4 group is due to
the transfer of an electron between these levels. Baldini et al.
(1972) and Saito et al. (1974) suggested an excitonic origin of
the low energy tail of the FA band of ADP and KDP. Low-
temperature experiments revealed self-trapping of holes with
formation of [HyPO4]%-radicals (so-called B-radicals) in ADP
and KDP crystals (Diéguez et al., 1984; Stevens et al., 1999).
The existence of self-trapped holes is a strong evidence in favor
of self-trapping of excitons in these crystals since self-trapped
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Fig. 3. The PL decay kinetics at (a) 4.7 and (b, c, d) 2.5eV for an ADP crystal at 7T =8K and hv=(a,b) 7.4, (c) 6.2, and (d) 5.2¢eV. The contribution (in

%) of the background to the total optical sum is noted.

holes can serve as hole nuclei for STEs. Formation of STEs
may occur not only via self-trapping of free excitons formed
upon photoexcitation in the intrinsic absorption but also as a
result of recombination of electrons at self-trapped holes. The
radiative annihilation of such STEs leads to a characteristic
broadband luminescence with a large Stokes shift. This is the
reason for the identical nature of the 4.7eV PL bands of ADP
and KDP crystals.

4. Conclusions

We attribute the fast component of the PL band at 4.7eV
to dipole-allowed radiative singlet—singlet transitions in STEs.
The decrease in the excitation efficiency of the fast PL. compo-
nent at 4v > 7.3eV is due to the increase in the non-radiative
energy loss as a result of the migration of free excitons. The
intensity of triplet—singlet radiative transitions in ADP is lower
than in KDP. Therefore, the slow-component band manifests
itself rather weakly in the PL spectra, while, in the excitation
spectra, the very weak band of triplet excitons expected below
the energy gap E, is not resolved against the background of
competing processes. In our opinion, the excitation band at
9.7¢eV is due to the formation of geminate electron-hole pairs
as it has been clearly established even for free exciton forma-
tion through such process in solid Kr (Kisand et al., 2003).
Such pairs are formed at the interband transitions with the
lowest energies, i.e., upon excitation of photons with energies
equal to or slightly exceeding Eg. It is noteworthy that the
temperature-independent auto-ionization of excitons may lead
to the formation of electron-hole pairs with energies below E,
in the region of formation of free excitons. The holes in these

pairs have a large translational mass and can be self-trapped
to form B-radicals. The recombination of electrons at the B-
radicals finally results in the formation of a lower excited triplet
STE state. Therefore, the slow PL component at 4.7 eV tenta-
tively assigned to the subsequent radiative annihilation of such
STEs. But it cannot be completely excluded that this compo-
nent is resulting from some other recombination process. With
a further increase in the excitation energy above Eg, a paired
electron acquires a kinetic energy sufficient to overcome the
Coulomb barrier of the heavy hole. After the decay of such
pair at 8 K, the released electron becomes localized at available
trapping centres and the hole becomes self-trapped. This leads
to a decrease in the PL excitation efficiency above 9.7eV due
to the accumulation of charge carriers available at trapping cen-
tres (Fig. 2). Diéguez et al. (1984) showed that, at temperatures
of about 70K, thermally induced detrapping of B-radicals,
accompanied by thermally stimulated luminescence occurs in
KDP and ADP crystals. The peak of thermally stimulated lu-
minescence at 70K is due to the recombination of holes at the
electron centres. The spectrum of thermally stimulated (hole
recombination) luminescence consists of a band peaked at
3.5eV (Diéguez et al., 1984).

Along with the B-radicals, preexisting intrinsic lattice de-
fects (so-called A-radicals [HPO4]™) are also present in KDP
and ADP crystals. An A-radical is a hole localized at a 2pn
oxygen orbital in the vicinity of a hydrogen vacancy. In our
opinion, the PL band at 2.6eV of ADP crystals is due to
the recombination of electrons at the A-radicals. The follow-
ing arguments are in favour of this hypothesis. The A-radicals,
being intrinsic lattice defects, are present in any nominally
undoped ADP and KDP crystals. In the FA region, the excitation



750 LN. Ogorodnikov et al. / Radiation Measurements 42 (2007) 746—-750

spectrum of the 2.6 eV PL band is the same as for the recombi-
nation mechanism of excitation of the slow STE PL component
(Fig. 2). The PL spectrum does not contain any bands typical
for the hole recombination luminescence. The local level of the
hole centre of the A-radical is formed near the level of the hy-
drogen vacancy by splitting off of states at the top of the valence
band to the conduction band. The local level of the self-trapped
hole in the B-radical has the same partial electronic structure.
This circumstance is responsible for the identical character of
electron recombination at A- and B-radicals, which leads to the
generation of an electronic excitation: a hole at the 2pm or-
bitals of oxygen and an electron at the 2s levels of hydrogen,
which form a state at the conduction band bottom. The differ-
ences in the positions of the hole centres (A- and B-radicals) on
the energy scale and the presence of a hydrogen vacancy in the
vicinity of an A-radical cause the differences in the lattice re-
laxation and, therefore, to the different Stokes shifts observed
for the luminescence bands at 2.6 and 4.7 eV.

The centres causing the 2.6eV PL band when excited in
the transparency region of ADP crystals (Fig. 1) have another
nature. Indeed, the luminescence centres based on the cation
vacancies (including A-radicals) generally do not show any
excitation bands in the transparency region of a crystal. As dis-
cussed earlier, the spectral parameters of the 2.6eV PL band
upon excitation in the transparency region (Fig. 1) differ from
those for the case of excitation in the fundamental absorption
(FA) region (Fig. 1). The PL decay kinetics is also different
for these two cases (Fig. 3). The model considering a lumines-
cence centre excited in the transparency region of a crystal as
a hydrogen vacancy associated with a heterovalent impurity
yields the most adequate results. The undoped crystals of the
KDP family always contain unintentional impurities of the
iron group and the compensation of an excess charge upon
introduction of heterovalent impurities occurs by formation of
a corresponding number of hydrogen vacancies in the vicinity
of an impurity. The results (Kuanyshev et al., 1999) of studies
of the PL from ADP and KDP crystals doped with heterovalent

impurities with different concentrations are in favour of this
model for luminescence centres.
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