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Bulk defect formations in KH 2PO4 crystals investigated using fluorescence microscopy

S. G. Demos,* M. Staggs, and H. B. Radousky
Lawrence Livermore National Laboratory, PO Box 808, Livermore, California 94551, USA

~Received 22 July 2002; revised manuscript received 16 December 2002; published 6 June 2003!

Defect formations located in the bulk of KH2PO4 crystals are studied using a specially designed microscopic
fluorescence imaging system. The concentration of the observed defect clusters varies depending on the
crystal-growth method, the growth sector of the crystal, and the speed of growth. The experimental procedure
involves acquisition of high-resolution fluorescence images of bulk defect cluster formations obtained under
cw, 488-nm photoexcitation. Annihilation and/or passivation of these defects is observed under exposure of the
crystal to high-power, 355-nm laser irradiation. This work suggests that native defects can influence the optical
performance and characteristics of potassium dihydrogen phosphate.

DOI: 10.1103/PhysRevB.67.224102 PACS number~s!: 61.72.Cc, 81.10.Aj, 42.70.2a
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I. INTRODUCTION

KH2PO4 ~potassium dihydrogen phosphate, or KDP is
transparent dielectric crystalline material that has extensiv
been incorporated into various laser systems for harmo
generation and electro-optic switching. The ability of KDP
grow at a fast rate~10–20 mm/day! and as large single
crystals1 has made it a suitable candidate for large-apert
laser systems. The optical performance of KDP~as well as
that of its deuterated analog DKDP! is determined not only
by its nonlinear optical characteristics but also by other c
siderations including its ability to preserve phase and po
ization of the propagating laser beam and its resistanc
laser-induced damage in high-power laser applications.
development of rapid crystal-growth methods for impleme
tation in large-aperture lasers2 requires preservation of hig
optical quality throughout the crystal plate, which can be
large as 50 cm or larger.

Since the beginning of the work on rapid growth of KD
crystals,1,3,4 an important point of concern has been the h
mogeneity associated with the presence of different gro
sectors formed by$101% ~pyramidal! and $100% ~prismatic!
faces that were affected differently by impurities.3 UV ab-
sorption is very sensitive to the amount of impurities, main
trivalent metals incorporated into the crystal.5,6 Low levels of
UV absorption is observed in the pyramidal growth sec
which increases on the sector boundary due to a higher
sorption in the prismatic growth sectors.7–9 It was found that
when the concentration of certain impurity ions such as ch
mium or iron was increased, the internal laser dam
threshold decreased substantially.10,11Damage testing experi
ments on KDP and DKDP crystals grown from solutions th
contained various impurity concentrations demonstrated
for low impurity levels, the damage threshold remained u
affected by the impurity concentration.12 This suggests tha
atomically dispersed impurity ions do not change the dam
characteristics of the material and that clusters of impuri
or crystal defects play a key role in damage initiation. It w
also reported that increased dislocation density leads to
approximately linear decrease in the damage threshold.10

Beam propagation measurements in KDP crystals sh
that optical distortion is caused primarily by dislocation
differences in composition between adjacent growth sec
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of the crystal, and differences in composition between ad
cent sectors of vicinal-growth hillocks within a single grow
sector of the crystal.13–15It was recently shown that striatio
formation in crystals can be caused not only by variations
external growth conditions, but also by the action of so
internal factors such as variations in the dislocation struct
of the crystal and modifications of the growth-step distrib
tion on the growing faces.16

The role that native defects play in the optical charact
istics and performance of KDP crystals has received l
attention. A number of such defects have been identified
ing electron paramagnetic resonance~EPR! spectroscopy.
Two distinct hole centers, the@HPO4#2 center ~a hole
trapped on an oxygen ion adjacent to a hydrogen vacan!
and the@H2PO4#0 center~a hole shared by two oxygen ions!
as well as interstitial hydrogen atoms that act as elect
traps have been identified at low temperatures following
radiation of the sample with x rays or UV laser pulses.17–19

All these defects are unstable at room temperature. A tr
sient absorption in the 350–600-nm spectral region that
pears when KDP crystals are exposed to intense UV la
irradiation was assigned to the formation of short-liv
(HPO4)2 centers.20,21Resonance Raman-scattering spectr
copy experiments are supportive of this assignment,22 indi-
cating that this defect plays an active role during high-pow
laser irradiation. Most recently, a hole trap and several e
tron traps that are stable at room temperature have b
identified.23 The hole is trapped on an oxygen ion adjacent
a silicon impurity. The electron is trapped at an oxygen v
cancy, described as (PO3)22 molecular ions, with a nearby
cation vacancy~a missing proton or potassium!. The silicon
impurity was probably coming from the crystal-growth co
tainer. In addition, various impurities are found in the ro
materials used in the crystal solution. Certain impurity io
are also intentionally introduced to improve the crystal pro
erties or crystal-growth parameters~such as the aspect rati
between prism and pyramid sectors in fast-grown crystal1!.
The presence of impurity defects can give rise to native
fects for various reasons including charge compensation.
tical fluorescence microscopy has revealed the presenc
defect formations in KDP at room temperature.24 This tech-
nique was expanded to studyin situ the reaction of indi-
©2003 The American Physical Society02-1
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vidual defect nanoclusters to high-power laser irradiation
355 nm.25

In this work, we utilize the fluorescence microscopy tec
nique discussed in Refs. 24 and 25 to investigate the for
tion of native defect populations located in the bulk
KH2PO4 crystals near characteristic crystal-growth boun
aries and their response to high-power laser irradiat
These defect formations can give rise to changes in the c
tal parameters, inducing or contributing to a number of m
roscopic effects such as laser damage, UV absorption, lo
ized stress, and change of the index of refraction, which
currently attributed to different factors as discussed abov

II. EXPERIMENTAL SYSTEM

The experimental setup is shown in Fig. 1. The imag
system is composed of a microscope objective having m
nification power of X10 followed by a X5 magnification len
system. The image was recorded using a liquid-nitrog
cooled charge coupled device~CCD! detector. In this ar-
rangement, 1mm2 of an object at the image plane is pr
jected and recorded on 1 pixel of the CCD. The imag
system was positioned along they axis of the crystal and
perpendicular to the direction of illumination. An argon las
operating at 488 nm was used as the source for photoex
tion of bulk defect formations. The resulting emission
these defects was used for the acquisition of the microsc
fluorescence images. The third harmonic~355 nm! of a 3-ns
pulse width, Q-switched, Nd:yttrium alluminum garn
~YAG! laser was overlapped with the cw output of the arg
laser to provide high-power illumination of the sample. T
two overlapping and collimated beams were propaga
along thez axis~optical axis! of the KDP crystal and focuse
inside the crystal using a 7.5-cm focal length cylindrical le
The focal plane of the cylindrical lens that delivers the ill
mination beam into the sample is overlapped with the im
ing plane of the microscope system. This configuration
sured that only fluorescing features located within the
focus area of the microscope system were imaged
avoided an out-of-focus signal. The imaging depth was
termined by the'25-mm depth of the illumination slit beam
An analyzer followed by a 640-nm long-wavelength-pass
ter was positioned in front of the CCD detector. The analy

FIG. 1. Schematic diagram of the microscopic fluorescence
aging experimental setup.
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with its polarization vector parallel to thex axis was used in
order to avoid image distortions due to the birefringence
the sample. The optical long-wavelength-pass filter was u
in order to discriminate the fluorescence of defect cen
from the Raman-scattering signal of the bulk. Additional i
formation on the design and capabilities of the imaging s
tem can be found in Refs. 24 and 25. The experiments w
performed using KDP samples of various sizes that were
in plates perpendicular to thec axis of the crystal. The crys
tals were grown at Lawrence Livermore National Laborato
using the fast-growth method. The samples studied were
intentionally exposed to any laser or other type of irradiat
prior to this investigation. All experiments were carried o
at room temperature.

III. EXPERIMENTAL RESULTS

Figure 2 presents the fluorescence image of a
3410-mm2 section in the bulk of a KDP crystal. It show
the presence of emission clusters located inside the bulk
a nearly uniform background emission. The sample was i
minated with'150-mW, 488-nm, cw laser irradiation, usin
a 3-min exposure time of the CCD detector. The digitiz
intensity of the clusters varies, indicating that they repres
an aggregation of individual defects. The growth parame
were changed during crystal growth and as a result, the sp
of growth was changed. In the image shown in Fig. 2,
upper part of the crystal was grown at a speed of'8 mm/day
while the lower part was grown at'1 mm/day. The fluores-
cence image in Fig. 2 clearly shows the boundary at wh
the growth parameters were changed. More specifically,
upper part of the image shows a higher number of emiss
defect clusters~by a factor of'25! as well as a higher back
ground emission intensity. This difference in backgrou
emission is best demonstrated by comparing the intensit
the lower part of the image to that of the image shown in

-

FIG. 2. Fluorescence image of a 4303410325-mm3 section of
a sample showing the boundary at which the crystal-growth sp
was changed from 1~lower part! to 8 mm/day~upper part!. Inset in
the lower left shows a 503110-mm2 section of the upper part of the
image for comparison.
2-2
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inset in the lower left part of Fig. 2. The later image is fro
a 503110-mm2 section on the upper part of the image
which the speed of growth was greater.

Large differences in the concentration of the emiss
clusters were also observed on the sector boundary of
grown KDP crystals, allowing for a clear observation of t
boundary. This is demonstrated in Fig. 3~a!, where the fluo-
rescence image of a 1903200-mm2 section across the secto
boundary of a fast-grown KDP crystal is shown. The sec
boundary is oriented at 45° from the horizontal direction
the image plane with the prismatic sector located in
upper-right part of the image and the pyramidal sector in
lower-left part of the image. The concentration of the o
served emission clusters in the prismatic~material grown on
$100% faces! sector was'33105 per mm3 while in the py-
ramidal ~material grown on$101% faces! sector it is reduced
by a factor of 10. In addition to the characteristic defe
clusters, the image shows the presence of a uniformly
tributed background emission that is stronger in intensity
the prismatic sector. The light-scattering image of the sa
site of the sample is shown in Fig. 3~b!. This image was
obtained by replacing the 640-nm long-pass filter with
narrow-band interference filter at the operational wavelen
~488 nm! of the laser. This image shows the presence
minimal scattering that does not correlate to the fluoresce
image shown in Fig. 3~a!. In the light-scattering image, th
sector boundary is not visible and there is no clear differe
in the scattering intensity from the two crystal sectors.
addition, there is nothing in the light-scattering map that c
correspond to the observed emission clusters. This indic
that the emission clusters observed using fluorescence
croscopy do not arise from structural defects but rather fr
electronic defects.

The images shown in Fig. 3 were obtained prior to a
UV irradiation of the sample. The sample was thereafter
luminated with 355-nm pulses of average fluence of'1
J/cm2 obtained from the Nd:YAG laser operating at a repe
tion rate of 100 Hz. Figures 4~a! and 4~b! show the fluores-
cence images obtained following 5 and 45 min, respectiv
of irradiation of the same section of the sample with t
355-nm pulses. The later image shows a significant reduc

FIG. 3. Images of the same 1903200325-mm3 section of the
sample at the boundary between prismatic~lower-right! and pyra-
midal ~upper-left! sectors using~a! our fluorescence microscop
system and 640-nm long-wavelength-pass filter and~b! a light-
scattering image. Both images were obtained using 488-nm l
illumination.
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of the emission cluster concentration in both the prism a
the pyramidal sectors. In addition, the intensity of the ba
ground emission is reduced. This is most pronounced in
prism sector, resulting in the reduction of the intensity d
ference between the two crystal sectors. This effect is be
depicted in Fig. 4~c!, which shows the sum of the digitize
intensity profile of ten consecutive horizontal pixel lines
the middle of images obtained following exposure to'1
J/cm2, 355-nm laser irradiation to different time interval
Spikes in the digitized intensity are mainly due to the pr
ence of defect clusters. These profiles demonstrate a ‘‘co
tioning’’ effect that leads to an almost identical intensi
level across the two crystal sectors. The conditioning eff
observed in the prismatic sector occurs in the pyramidal s
tor as well but it is less intense due to the smaller emiss
cluster concentration and image intensity background. Fig
4~c! indicates that the main portion of the conditioning tak
place in the initial>5 min of irradiation followed by a
slower rate of conditioning.

The removal of the defect clusters from the area irradia
with 355-nm laser pulses demonstrated in Fig. 4 may be
either to their migration into the unirradiated part of th
sample or to their annihilation and/or passivation. To addr
this question, the following experiment was performed. T
sample was first imaged and then irradiated with 105 pulses
at '1 J/cm2 using a cylindrical lens to focus the 355-n
laser beam into the sample, with its focusing axis perp
dicular to that of the cylindrical lens used to obtain the m
croscopic emission images. In this arrangement, only a sm
portion of the imaged part of the sample was exposed to
355-nm pulsed irradiation. This emission image is shown

er

FIG. 4. A microscopic fluorescence image of a fast-grown KD
crystal at the sector boundary following~a! 5 min and~b! 45 min
355-nm irradiation with average fluence of'1 J/cm2. ~c! The digi-
tized intensity profiles across a horizontal ten-pixel stripe at
middle of the images for different exposure times.
2-3
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Fig. 5. The 355-nm laser beam enters the sample from
right side of the image at the location indicated with an
row, and the focal point of the beam is near the left side
the image. The beam propagates through the sample
when it reaches the output surface of the sample,'0.04 of
its intensity is back-reflected and enters the imaged are
the sample from the left side. As seen in the image of Fig
the irradiated areas of the sample have a much smaller d
density than that of the unirradiated areas. Most import
there is no additional concentration of defects near the i
diated zone, showing that their removal is not due to th
migration but to their annihilation/passivation.

IV. DISCUSSION

The concentration of the observed emission clusters
ies depending on the crystal-growth method, the sector of
crystal, and the speed of growth. In fast-grown crystals t
were grown at a speed of'10 mm/day, the defect cluste
concentration in the prismatic sector was measured to
'33105 per mm3 while in the pyramidal sector it is'3
3104 per mm3. In the sample~prismatic sector! shown in
Fig. 2, the concentration in the sections grown at a spee
'8 mm/day is'2.53105 per mm3, while in the part grown
at '1 mm/day it is'13104 per mm3. It must be noted tha
the same defect clusters are observed on KDP crystals
were grown using the conventional method with a conc
tration on the order of'104 per mm3. In addition, the defect
clusters are visible using laser excitation wavelengths of 3
457, and 514 nm, indicating that their absorption spectrum
broad. The available experimental data~including optical and
EPR spectroscopy! do not allow for an accurate identifica
tion of the defect species observed by fluorescence mic
copy. The main problem is the low concentration of the
defects in a material that it is known to contain various i
purity ions incorporated during crystal growth. The emiss
spectrum arising from the defects observed using fluo
cence microscopy has been shown in Ref. 24. This emis

FIG. 5. Microscopic fluorescence image of a 6003600
325-mm3 section of the sample where a small portion~indicated
with arrows! was irradiated with 105, 355-nm pulses at'1 J/cm2.
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may be interpreted as arising from defects with a blueshif
absorption spectrum similar or identical to that that gives r
to the transient absorption observed under intense 355
266-nm laser irradiation.20,21 As discussed above, this ab
sorption has been assigned to the formation of an (HPO4)2

center. However, other types of defects may be present
an electronic structure that could support absorption un
near-ultraviolet or visible laser irradiation. A theoretic
study of the electronic structure of the various defects
KH2PO4 ~currently in progress! indicates that interstitial hy-
drogen~H! in its neutral state leads to electronic states in
band gap that can be associated with absorption at low p
ton energies.26 The addition or removal of an electron re
moves the H-induced states in the gap by forming stro
bonds with its neighbor host H or O atoms, respective
Similar results have been found for the case of intersti
hydrogen in silica.27 States in the band gap of KDP are al
found in the case of a positively charged hydrogen vacan

Our experimental results show that under laser irradiati
the number of defect clusters is continuously decreasing,
pending on the laser fluence and exposure time. This
crease is observed on both the prism and the pyramid se
A more detailed investigation of this effect has been d
cussed in Ref. 25, where we studied the behavior of in
vidual defect nanoclusters under laser irradiation. This w
showed that in response to irradiation by 3-ns laser pulse
355 nm at subdamage threshold~'5 J/cm2! ~visible-by-light-
scattering-inspection alterations to the crystal integrity,
ferred to as laser damage, are observed in the same sam
an average fluence of'10 J/cm2! a segment of the defec
cluster population exhibits sudden annihilation accompan
by a smaller number of new clusters that appears at diffe
locations. This indicated that these defect clusters should
associated with transport of mobile electrons and/or hole
is not possible that this effect can be produced by impu
ions because that would require unrealistic diffusion coe
cients. The experimental results presented in Fig. 4 cle
show that the reduction of the defect cluster population
accompanied by reduction of background emission. T
may be suggestive that the observed defect clusters repre
aggregation of the same type of defects that contribute
part to the observed nearly uniform background emissi
Such defect aggregations have been reported in sim
systems.28–30 It is plausible that absorption of the laser lig
by the defect clusters is accompanied by energy loss thro
nonradiative relaxation that is initially distributed into th
local vibrational modes associated with this defe
formation.31,32 When a sufficient amount of laser energy
absorbed, overheating of the localized vibrational enviro
ment of the defect cluster may lead to its destabilization. T
cluster can break apart and diffuse into a defect ‘‘continuu
composed of atomically dispersed defects of the same e
tronic origin. Following laser irradiation, the formation of
new aggregation of defects can lead to the appearance of
defect clusters. This process may continue for as long
laser light is absorbed. The experimental results shown
Fig. 5 indicate that this process is associated with annih
tion or passivation through the generation of new def
2-4
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structures that do not absorb the 355-nm irradiation. A ty
cal example of such a defect passivation process~and a pos-
sible explanation of what causes the laser conditioning
fect! is in the case of the interstitial hydrogen defe
~discussed above!, which gives rise to H-induced states
the band gap that can be eliminated with the addition
removal of an electron.26

It has been reported previously that 355-nm pulsed la
illumination of KDP crystals at subdamage laser thresh
intensities leads to an increased laser-induced dam
threshold33 ~laser annealing or conditioning!. More recently,
similar experiments have demonstrated that laser annea
raises the damage threshold of KDP and DKDP crystals
laser operation at 1064 and 355 nm.34 The damage sites ar
generally smaller and the density of their formation at p
ticular laser fluences is reduced in the conditioned region
the same crystal. Furthermore, thermal annealing~exposure
of the sample to temperatures below the tetrago
monoclinic phase transition at about 180 °C! leads to an in-
crease of the damage threshold at 1064 but not at
nm.33–35 Figure 4~b! shows a dramatic change in the defe
concentration that could be described as laser annealing
have not yet demonstrated a direct correlation of the
served defect formations with laser-induced damage in K
However, their presence may contribute to laser-indu
heating, enhancement of absorption, lowering of nonlin
optical performance, and damage to the crystal. We have
performed thermal annealing experiments and we were
able to detect a measurable change in the defect forma
~change in intensity or concentration of defect clusters! using
our fluorescence microscopy system.

This work suggests that impurity ions may not be the o
contributors to the absorption observed in the UV spec
region in the KDP crystal.5,6,12 Native defects can also giv
rise to absorption in the UV spectral region and contribute
the spectrum. This is supported by measurements of the
absorption in samples that were exposed to la
irradiation.36,37 These experiments have shown that the U
absorption spectrum changes, usually leading to reduced
sorption following irradiation with near-UV laser irradiation
This is consistent with the observed reduction of the de
population following 355-nm laser irradiation as shown
Figs. 4 and 5.

X-ray topographic imaging has demonstrated that the
tice parameters in the crystal section corresponding to
slow growth rate are slightly different, compared with t
areas of the crystal grown at higher growth rates.16 This ef-
fect, as well as optical distortion effects, have also been
signed, to a large extent, to compositional heterogeneity a
ing from different incorporation of impurities.13 The
compositional heterogeneity causes spatial variations in
refractive index and induces a distortion of the transmitt
wave front, while large groups of dislocations are resp

*FAX: ~925! 423-2463.
1N. P. Zaitseva, J. J. De Yoreo, M. R. Dehaven, R. L. Vital, K.

Montgomery, M. Richardson, and L. J. Atherton, J. Cry
Growth 180, 255 ~1997!.
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sible for strain-induced birefringence that leads to beam
polarization. X-ray topography methods qualitatively sho
that the lattice parameters of a crystal are different in diff
ent vicinal sectors. This effect has also been assigned to
nonuniform stoichiometric composition or the incorporati
of impurities into various vicinal sectors on the cryst
faces14,15 while native defects have been overlooked. T
experimental results shown in Figs. 2 and 3 demonstrate
these regions of the crystal~such as sector boundaries! that
give rise to the aforementioned effects exhibit a very diff
ent population of optically active native defects observ
using fluorescence microscopy. Since the presence of a l
defect population can lead to a change in lattice constant
may be important to reconsider the role these defects
play in the generation of the macroscopic crystal perf
mance issues discussed above.

It is well documented that impurities incorporate in d
ferent crystal sectors at different rates.38 It is likely that the
defects observed in this work represent a mechanism du
crystal growth for compensating for the incorporation of im
purities. However, native defects can also lead to additio
effects that have not yet been documented for the cas
KDP crystals. For example, in the device-processing lite
ture for silicon integrated circuits it has been well doc
mented that an excess of vacancies results in enha
diffusion.30,39 Such effects may play a role in the aging pr
cess of KDP or DKDP crystals at the sector boundaries
near the surface by increasing the mobility of impurity
stoichiometric ions. Recent observations of DKDP surfa
cracking have been attributed to the presence of vacan
leading to hydrogen diffusion into the crystal. A tensile su
face layer results, due to a decrease in the equilibrium~100!
lattice constant with increased H content.40

V. CONCLUSION

Optically active defect formations located in the bulk
KDP crystals were studied using fluorescence microscop
was found that the observed defect concentration depend
the growth conditions and that it correlates to known opti
properties and characteristics of the material. This work s
gests that native defects can play an important role in
quality and performance of the material.
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