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Bulk defect formations in KH,PO, crystals investigated using fluorescence microscopy
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Defect formations located in the bulk of KRO, 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.
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[. INTRODUCTION of the crystal, and differences in composition between adja-
cent sectors of vicinal-growth hillocks within a single growth
KH,PO, (potassium dihydrogen phosphate, or KDP is asector of the crystdf:~1°It was recently shown that striation
transparent dielectric crystalline material that has extensiveljormation in crystals can be caused not only by variations in
been incorporated into various laser systems for harmoniexternal growth conditions, but also by the action of some
generation and electro-optic switching. The ability of KDP tointernal factors such as variations in the dislocation structure
grow at a fast ratg10—-20 mm/day and as large single of the crystal and modifications of the growth-step distribu-
crystals has made it a suitable candidate for large-aperturgion on the growing face¥
laser systems. The optical performance of K@B well as The role that native defects play in the optical character-
that of its deuterated analog DKD#® determined not only jstics and performance of KDP crystals has received less
by its nonlinear optical characteristics but also by other conxttention. A number of such defects have been identified us-
;idgrations including its_ ability to preserve phase a_nd polar|~ng electron paramagnetic resonan@@PR) spectroscopy.
|zat|0n of the propagat!ng _Iaser beam and its res[stance ®vo distinct hole centers, thHPO,]~ center (a hole
laser-induced damage in high-power laser applications. Thﬁ‘apped on an oxygen ion adjacent to a hydrogen vagancy

deyelo_pment of rapid crystal-grovx_/th methods f(_)r |mplemen-and the H,PO,1° center(a hole shared by two oxygen ions
tation in large-aperture laséreequires preservation of high : o
as well as interstitial hydrogen atoms that act as electron

optical quality throughout the crystal plate, which can be a%raps have been identified at low temperatures following ir-

large as 50 cm or larger. . .
9 g p radiation of the sample with x rays or UV laser puls&s?®

Since the beginning of the work on rapid growth of KD
crystals®# an important point of concern has been the ho-All these defects are unstable at room temperature. A tran-

mogeneity associated with the presence of different growtf§i€nt absorption in the 350-600-nm spectral region that ap-
sectors formed by101 (pyramida) and {100+ (prismatio pears \_/vhen KDP crystals are exposed tp intense UV_Iaser
faces that were affected differently by impurite&lV ab- irradiation was assigned to the formation of short-lived
sorption is very sensitive to the amount of impurities, mainly(HPOy) ~ centers’®?* Resonance Raman-scattering spectros-
trivalent metals incorporated into the crystélLow levels of ~ COpy experiments are supportive of this assignmeimgi-
UV absorption is observed in the pyramidal growth sectorgcating that this defect plays an active role during high-power
which increases on the sector boundary due to a higher altaser irradiation. Most recently, a hole trap and several elec-
sorption in the prismatic growth sectdrs It was found that tron traps that are stable at room temperature have been
when the concentration of certain impurity ions such as chroidentified?® The hole is trapped on an oxygen ion adjacent to
mium or iron was increased, the internal laser damagea silicon impurity. The electron is trapped at an oxygen va-
threshold decreased substantiafly: Damage testing experi- cancy, described as (R3~ molecular ions, with a nearby
ments on KDP and DKDP crystals grown from solutions thatcation vacancya missing proton or potassignmrhe silicon
contained various impurity concentrations demonstrated thampurity was probably coming from the crystal-growth con-
for low impurity levels, the damage threshold remained un+ainer. In addition, various impurities are found in the row
affected by the impurity concentratidhThis suggests that materials used in the crystal solution. Certain impurity ions
atomically dispersed impurity ions do not change the damagare also intentionally introduced to improve the crystal prop-
characteristics of the material and that clusters of impuritie®rties or crystal-growth parametgisuch as the aspect ratio
or crystal defects play a key role in damage initiation. It wasbetween prism and pyramid sectors in fast-grown cryStals
also reported that increased dislocation density leads to ahhe presence of impurity defects can give rise to native de-
approximately linear decrease in the damage thresfold.  fects for various reasons including charge compensation. Op-
Beam propagation measurements in KDP crystals showical fluorescence microscopy has revealed the presence of
that optical distortion is caused primarily by dislocations,defect formations in KDP at room temperatéfelhis tech-
differences in composition between adjacent growth sectorsique was expanded to study situ the reaction of indi-
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FIG. 1. Schematic diagram of the microscopic fluorescence im-
aging experimental setup.

vidual defect nanoclusters to high-power laser irradiation at
355 nm®® FIG. 2. Fluorescence image of a 43810x 25-um? section of
In this work, we utilize the fluorescence microscopy tech-a sample showing the boundary at which the crystal-growth speed
nique discussed in Refs. 24 and 25 to investigate the formavas changed from lower par} to 8 mm/day(upper pait Inset in
tion of native defect populations located in the bulk of the lower left shows a 50110-um? section of the upper part of the
KH,PO, crystals near characteristic crystal-growth bound-mage for comparison.
aries and their response to high-power laser irradiation.
These defect formations can give rise to changes in the crysvith its polarization vector parallel to theaxis was used in
tal parameters, inducing or contributing to a number of macorder to avoid image distortions due to the birefringence of
roscopic effects such as laser damage, UV absorption, localhe sample. The optical long-wavelength-pass filter was used
ized stress, and change of the index of refraction, which aré order to discriminate the fluorescence of defect centers
currently attributed to different factors as discussed above.from the Raman-scattering signal of the bulk. Additional in-
formation on the design and capabilities of the imaging sys-
tem can be found in Refs. 24 and 25. The experiments were
IIl. EXPERIMENTAL SYSTEM performed using KDP samples of various sizes that were cut
The experimental setup is shown in Fig. 1. The imagingi” plates perpendicular to thea>_<is of the crystal. The crys-
system is composed of a microscope objective having magtf’"fs were grown at Lawrence Livermore National 'Laboratory
nification power of X10 followed by a X5 magnification lens USing the fast-growth method. The samples studied were not
system. The image was recorded using a quuid-nitrogen'—nt_em'onal_ly _expos_ed to any laser or other type of |rr:_;ld|at|on
cooled charge coupled devid€CD) detector. In this ar- Prior to this investigation. All experiments were carried out

rangement, lum? of an object at the image plane is pro- &t Fo0m temperature.

jected and recorded on 1 pixel of the CCD. The imaging

system was positioned along tlyeaxis of the crystal and IIl. EXPERIMENTAL RESULTS

perpendicular to the direction of illumination. An argon laser

operating at 488 nm was used as the source for photoexcita- Figure 2 presents the fluorescence image of a 430
tion of bulk defect formations. The resulting emission of X 410-um? section in the bulk of a KDP crystal. It shows
these defects was used for the acquisition of the microscopithe presence of emission clusters located inside the bulk and
fluorescence images. The third harmo(885 nm of a 3-ns  a nearly uniform background emission. The sample was illu-
pulse width, Q-switched, Nd:yttrium alluminum garnet minated with~150-mW, 488-nm, cw laser irradiation, using
(YAG) laser was overlapped with the cw output of the argona 3-min exposure time of the CCD detector. The digitized
laser to provide high-power illumination of the sample. Theintensity of the clusters varies, indicating that they represent
two overlapping and collimated beams were propagatedn aggregation of individual defects. The growth parameters
along thez axis (optical axig of the KDP crystal and focused were changed during crystal growth and as a result, the speed
inside the crystal using a 7.5-cm focal length cylindrical lens.of growth was changed. In the image shown in Fig. 2, the
The focal plane of the cylindrical lens that delivers the illu- upper part of the crystal was grown at a speeg-8fmm/day
mination beam into the sample is overlapped with the imagwhile the lower part was grown at1 mm/day. The fluores-
ing plane of the microscope system. This configuration eneence image in Fig. 2 clearly shows the boundary at which
sured that only fluorescing features located within the inthe growth parameters were changed. More specifically, the
focus area of the microscope system were imaged andpper part of the image shows a higher number of emissive
avoided an out-of-focus signal. The imaging depth was dedefect clustergby a factor of~25) as well as a higher back-
termined by the=25-um depth of the illumination slit beam. ground emission intensity. This difference in background
An analyzer followed by a 640-nm long-wavelength-pass fil-emission is best demonstrated by comparing the intensity of
ter was positioned in front of the CCD detector. The analyzethe lower part of the image to that of the image shown in the
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FIG. 3. Images of the same 18@00x 25-um® section of the
sample at the boundary between prismdlisver-righy and pyra- 55

. . . PRISM SECTOR PYRAMID SECTOR|
midal (upper-lefi sectors using@a our fluorescence microscopy 50
system and 640-nm long-wavelength-pass filter @nda light- 2 . P —
scattering image. Both images were obtained using 488-nm laser € 1
. . . - 4.0
illumination. g 1ol w0t uses (C)
>
. . . . . = 30
inset in the lower left part of Fig. 2. The later image is from g ae )
a 50<110-um? section on the upper part of the image at E e s
which the speed of growth was greater. o o s w0
Large differences in the concentration of the emission Distance from boundary (um)

clusters were also observed on the sector boundary of fast-

grown KDP c_rys_tals, allowing for_ a C_Iear observation of thecrystal at the sector boundary followirig) 5 min and(b) 45 min
boundary‘_Th'S 1S demonStratedZm F'an where the fluo- 355 1 irradiation with average fluence sfl J/cnf. (c) The digi-
rescence image of a 18®00-um*” section across the Sector (izeq intensity profiles across a horizontal ten-pixel stripe at the
boundary of a fast-grown KDP crystal is shown. The sectoiiddle of the images for different exposure times.
boundary is oriented at 45° from the horizontal direction of
the image plane with the prismatic sector located in theof the emission cluster concentration in both the prism and
upper-right part of the image and the pyramidal sector in thehe pyramidal sectors. In addition, the intensity of the back-
lower-left part of the image. The concentration of the ob-ground emission is reduced. This is most pronounced in the
served emission clusters in the prismdtitaterial grown on  prism sector, resulting in the reduction of the intensity dif-
{100 face$ sector was~3x 10° permn? while in the py-  ference between the two crystal sectors. This effect is better
ramidal (material grown o101} faces sector it is reduced depicted in Fig. 4), which shows the sum of the digitized
by a factor of 10. In addition to the characteristic defectintensity profile of ten consecutive horizontal pixel lines at
clusters, the image shows the presence of a uniformly disthe middle of images obtained following exposure #d
tributed background emission that is stronger in intensity inJ/cn?, 355-nm laser irradiation to different time intervals.
the prismatic sector. The light-scattering image of the sam&pikes in the digitized intensity are mainly due to the pres-
site of the sample is shown in Fig(l8. This image was ence of defect clusters. These profiles demonstrate a “condi-
obtained by replacing the 640-nm long-pass filter with ationing” effect that leads to an almost identical intensity
narrow-band interference filter at the operational wavelengtlievel across the two crystal sectors. The conditioning effect
(488 nm of the laser. This image shows the presence obbserved in the prismatic sector occurs in the pyramidal sec-
minimal scattering that does not correlate to the fluorescencgr as well but it is less intense due to the smaller emission
image shown in Fig. @). In the light-scattering image, the cluster concentration and image intensity background. Figure
sector boundary is not visible and there is no clear differencé(c) indicates that the main portion of the conditioning takes
in the scattering intensity from the two crystal sectors. Inplace in the initial=5 min of irradiation followed by a
addition, there is nothing in the light-scattering map that carslower rate of conditioning.
correspond to the observed emission clusters. This indicates The removal of the defect clusters from the area irradiated
that the emission clusters observed using fluorescence mwith 355-nm laser pulses demonstrated in Fig. 4 may be due
croscopy do not arise from structural defects but rather froneither to their migration into the unirradiated part of the
electronic defects. sample or to their annihilation and/or passivation. To address
The images shown in Fig. 3 were obtained prior to anythis question, the following experiment was performed. The
UV irradiation of the sample. The sample was thereafter il-sample was first imaged and then irradiated with p0lses
luminated with 355-nm pulses of average fluence~af  at ~1 J/cnf using a cylindrical lens to focus the 355-nm
Jicnt obtained from the Nd:YAG laser operating at a repeti-laser beam into the sample, with its focusing axis perpen-
tion rate of 100 Hz. Figures(d) and 4b) show the fluores- dicular to that of the cylindrical lens used to obtain the mi-
cence images obtained following 5 and 45 min, respectivelycroscopic emission images. In this arrangement, only a small
of irradiation of the same section of the sample with theportion of the imaged part of the sample was exposed to the
355-nm pulses. The later image shows a significant reductioB55-nm pulsed irradiation. This emission image is shown in

FIG. 4. A microscopic fluorescence image of a fast-grown KDP
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may be interpreted as arising from defects with a blueshifted
absorption spectrum similar or identical to that that gives rise
to the transient absorption observed under intense 355- or
266-nm laser irradiatio?! As discussed above, this ab-
sorption has been assigned to the formation of an (PO
center. However, other types of defects may be present with
an electronic structure that could support absorption under
near-ultraviolet or visible laser irradiation. A theoretical
study of the electronic structure of the various defects in
KH,PQ, (currently in progressindicates that interstitial hy-
drogen(H) in its neutral state leads to electronic states in the
band gap that can be associated with absorption at low pho-
ton energie$® The addition or removal of an electron re-
moves the H-induced states in the gap by forming strong
bonds with its neighbor host H or O atoms, respectively.
Similar results have been found for the case of interstitial
hydrogen in silic&’ States in the band gap of KDP are also
found in the case of a positively charged hydrogen vacancy.
Our experimental results show that under laser irradiation,
the number of defect clusters is continuously decreasing, de-

Fig. 5. The 355-nm laser beam enters the sample from th@énding on the laser fluence and exposure time. This de-
right side of the image at the location indicated with an ar-Créase is observed on both the prism and the pyramid sector.
row, and the focal point of the beam is near the left side of* more detailed investigation of this effect has been dis-
the image. The beam propagates through the sample afdssed in Ref. 25, where we studied the behavior of indi-
when it reaches the output surface of the sampi@,04 of  vidual defect nanoclusters under laser irradiation. This work
its intensity is back-reflected and enters the imaged area ¢howed that in response to irradiation by 3-ns laser pulses at
the sample from the left side. As seen in the image of Fig. 5355 nm at subdamage threshotes Jlcnd) (visible-by-light-

the irradiated areas of the sample have a much smaller defestattering-inspection alterations to the crystal integrity, re-
density than that of the unirradiated areas. Most importantferred to as laser damage, are observed in the same sample at
there is no additional concentration of defects near the irraan average fluence 6£10 J/cnf) a segment of the defect
diated zone, showing that their removal is not due to theikluster population exhibits sudden annihilation accompanied

FIG. 5. Microscopic fluorescence image of a 60800
X 25-um?® section of the sample where a small portigndicated
with arrowg was irradiated with 19 355-nm pulses at=1 J/cnf.

migration but to their annihilation/passivation. by a smaller number of new clusters that appears at different
locations. This indicated that these defect clusters should be
IV. DISCUSSION associated with transport of mobile electrons and/or holes. It

is not possible that this effect can be produced by impurity

The concentration of the observed emission clusters vations because that would require unrealistic diffusion coeffi-
ies depending on the crystal-growth method, the sector of theients. The experimental results presented in Fig. 4 clearly
crystal, and the speed of growth. In fast-grown crystals thaghow that the reduction of the defect cluster population is
were grown at a speed ot10 mm/day, the defect cluster accompanied by reduction of background emission. This
concentration in the prismatic sector was measured to beay be suggestive that the observed defect clusters represent
~3x10° permn? while in the pyramidal sector it is=3  aggregation of the same type of defects that contribute in
X 10* permnf. In the sample(prismatic sectorshown in  part to the observed nearly uniform background emission.
Fig. 2, the concentration in the sections grown at a speed duch defect aggregations have been reported in similar
~8 mm/day is~2.5x 10° per mn?, while in the part grown system£®~|t is plausible that absorption of the laser light
at~1 mm/day it is~1x 10" per mn?. It must be noted that by the defect clusters is accompanied by energy loss through
the same defect clusters are observed on KDP crystals thabnradiative relaxation that is initially distributed into the
were grown using the conventional method with a conceniocal vibrational modes associated with this defect
tration on the order of 10* per mn¥. In addition, the defect formation3'32 When a sufficient amount of laser energy is
clusters are visible using laser excitation wavelengths of 35labsorbed, overheating of the localized vibrational environ-
457, and 514 nm, indicating that their absorption spectrum isnent of the defect cluster may lead to its destabilization. The
broad. The available experimental détecluding optical and  cluster can break apart and diffuse into a defect “continuum”
EPR spectroscopydo not allow for an accurate identifica- composed of atomically dispersed defects of the same elec-
tion of the defect species observed by fluorescence microsronic origin. Following laser irradiation, the formation of a
copy. The main problem is the low concentration of thesenew aggregation of defects can lead to the appearance of new
defects in a material that it is known to contain various im-defect clusters. This process may continue for as long as
purity ions incorporated during crystal growth. The emissionlaser light is absorbed. The experimental results shown in
spectrum arising from the defects observed using fluoresFig. 5 indicate that this process is associated with annihila-
cence microscopy has been shown in Ref. 24. This emissiotion or passivation through the generation of new defect
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structures that do not absorb the 355-nm irradiation. A typisible for strain-induced birefringence that leads to beam de-
cal example of such a defect passivation procassl a pos- polarization. X-ray topography methods qualitatively show
sible explanation of what causes the laser conditioning efthat the lattice parameters of a crystal are different in differ-
fect) is in the case of the interstitial hydrogen defectent vicinal sectors. This effect has also been assigned to the
(discussed aboyewhich gives rise to H-induced states in nonuniform stoichiometric composition or the incorporation
the band gap that can be eliminated with the addition oof impurities into various vicinal sectors on the crystal
removal of an electroff faces*1® while native defects have been overlooked. The

It has been reported previously that 355-nm pulsed lasegxperimental results shown in Figs. 2 and 3 demonstrate that
illumination of KDP crystals at subdamage laser thresholdhese regions of the crystéduch as sector boundarjehat
intensities leads to an increased laser-induced damaggve rise to the aforementioned effects exhibit a very differ-
threshold® (laser annealing or conditioningMore recently, ent population of optically active native defects observed
similar experiments have demonstrated that laser annealingsing fluorescence microscopy. Since the presence of a large
raises the damage threshold of KDP and DKDP crystals fodefect population can lead to a change in lattice constants, it
laser operation at 1064 and 355 AfriThe damage sites are may be important to reconsider the role these defects can
generally smaller and the density of their formation at parplay in the generation of the macroscopic crystal perfor-
ticular laser fluences is reduced in the conditioned regions afance issues discussed above.
the same crystal. Furthermore, thermal annealegosure It is well documented that impurities incorporate in dif-
of the sample to temperatures below the tetragonalferent crystal sectors at different rafédt is likely that the
monoclinic phase transition at about 180 9€ads to an in- defects observed in this work represent a mechanism during
crease of the damage threshold at 1064 but not at 356&rystal growth for compensating for the incorporation of im-
nm33-3®Figure 4b) shows a dramatic change in the defectpurities. However, native defects can also lead to additional
concentration that could be described as laser annealing. Wdfects that have not yet been documented for the case of
have not yet demonstrated a direct correlation of the obKDP crystals. For example, in the device-processing litera-
served defect formations with laser-induced damage in KDRure for silicon integrated circuits it has been well docu-
However, their presence may contribute to laser-inducednented that an excess of vacancies results in enhanced
heating, enhancement of absorption, lowering of nonlineadiffusion3°3° Such effects may play a role in the aging pro-
optical performance, and damage to the crystal. We have alstess of KDP or DKDP crystals at the sector boundaries or
performed thermal annealing experiments and we were natear the surface by increasing the mobility of impurity or
able to detect a measurable change in the defect formatiorséoichiometric ions. Recent observations of DKDP surface
(change in intensity or concentration of defect clugtesing  cracking have been attributed to the presence of vacancies
our fluorescence microscopy system. leading to hydrogen diffusion into the crystal. A tensile sur-

This work suggests that impurity ions may not be the onlyface layer results, due to a decrease in the equilibiL®)
contributors to the absorption observed in the UV spectralattice constant with increased H contét.
region in the KDP crystal®!? Native defects can also give
rise to absorption in the UV spectral region and contribute to
the spectrum. This is supported by measurements of the UV
absorption in samples that were exposed to laser Optically active defect formations located in the bulk of
irradiation®®’ These experiments have shown that the UVKDP crystals were studied using fluorescence microscopy. It
absorption spectrum changes, usually leading to reduced alras found that the observed defect concentration depends on
sorption following irradiation with near-UV laser irradiation. the growth conditions and that it correlates to known optical
This is consistent with the observed reduction of the defecproperties and characteristics of the material. This work sug-
population following 355-nm laser irradiation as shown ingests that native defects can play an important role in the
Figs. 4 and 5. quality and performance of the material.
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