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I. EXECUTIVE SUMMARY 

This document is a final technical report for work performed under Air Force Of- 
fice of Scientific Research (AFOSR) Grant F49620-95-1-0349. The title of the project 
was "Optical and Magnetic Resonance Characterization of Point Defects in Nonlinear 

Crystals" and the Principal Investigator is Larry E. Halliburton, Physics Department, 

West Virginia University. The amount of the award was $19,971. This was a one-year 
research program to use electron paramagnetic resonance (EPR), electron-nuclear double 
resonance (ENDOR), fourier transform infrared (FfIR) absorption, and other optical 
techniques to identify and characterize point defects in the KTP( ZnGeP2, and CdGeAs2 

families of nonlinear optical crystals. The grant's active period was from May 15, 1995 
to May 14, 1996. 

Work done under this project resulted in a paper published in Applied Physics 
Letters entitled "Photoluminescence and Micro-Raman Studies of As-Grown and High- 
Temperature-Annealed KTiOP04," (K. T. Stevens, N. C. Giles, and L. E. Halliburton, 
Appl. Phys. Lett. £8, 897, 1996) and in an oral presentation at the March 1996 Meeting 
of the American Physical Society in St. Louis. A 15-minute oral presentation entitled 
"Identification of Point Defects in ZnGeP2 Crystals" was made at the AFOSR Semicon- 
ductor and Electromagnetic Materials Program Review at WPAFB on August 22, 1996. 



yjvu   rnyMus    . UJ . öUHZ^Öb (62. JHN   'A'l'^S Ü : b3   No.ÜÜi   P.Ö3 

n. RESULTS OF POINT DEFECT STUDIES IN KTP 

Potassium titany] phosphate (KTiOPO^, better known as KTP, is a nonlinear opti- 
cal material widely used in frequency conversion applications such as second-harmonic 
generation and optical parametric oscillation.1 In many cases, however, the full potential 
of this material has not been achieved because of the presence of point or extended de- 
fects.2"* These defects may be introduced during crystal growth, during subsequent de- 

vice fabrication, or during device operation. High laser powers, applied electric fields, 

reducing atmospheres, elevated temperatures, or other extreme conditions may initiate 
defect formation at the surface or in the bulk of KTP crystals. 

We performed a detailed photoluminescencc and micro-Raman study of KTP. 
Two important, and related, properties of this material are addressed, namely defect lum- 
inescence and surface decomposition. We have monitored a recently discovered7 lumines- 
cence band which occurs near 820 nm at room temperature in crystals grown by the flux 

technique. Annealing in air at 1000°C for one hour greatly enhances this near-infrared 
emission (shifting its peak slightly to 835 nm) and simultaneously causes significant 

decomposition of the KTP surface. The anatase form of Ti02 is left as the dominant com- 
ponent in the near-surface region after the 1000°C anneal. We attribute the emission near 
835 nm to Ti3 + ions present in (or near) the Ti02 surface layer. These ions are apparent- 
ly formed during the strongly reducing conditions associated with the decomposition 
process. Based upon the results of the high-temperature anneal, we suggest that the 820- 
nm emission in as-grown KTP is due to Ti3+ ions present in micro-regions of reduced 
Ti02 (either rutile or anatase) that form in the bulk of the KTP crystals during growth. 

The scries of KTP crystals used in the present study were grown by the flux tech- 
nique at Crystal Associates, Waldwick, NJ. They had dimensions of a few mm on a side 

and their faces were perpendicular to the three high-symmetry crystallographic directions 
a, b, and c. Photoluminescencc and micro-Raman data were obtained at room tempera- 
ture using a Jobin-Yvon Ramanor U-1000 double monochromator with a microprobe 
attachment.  A GaAs-cathode photomultiplier tube (Hamamatsu R943-02) and photon- 
counting electronics were employed to detect the signals. An Innova 400-10 argon-ion 
laser from Coherent provided the cw 457-nm excitation, while an Olympus BH-2 micro- 
scope focused the beam to a spot size of about 20 nm in diameter on the sample.  The 
resulting power density on the sample surface was 1.9 x 103 W/cm2. Because of the 
strong focusing effect of the microscope, the primary region of excitation and collection of 
luminescence did not extend more than approximately 50 to 100 \xm into the sample. All 
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of the photoluminescence spectra were corrected for the wavelength-dependent response of 

the spectrometer and detector. 

Figure 1 shows the room-temperature, near-infrared emission band detected from 

flux-grown KTP crystals when excited by 457-nm light. This band peaks near 820 nm 
and its intensity depends linearly on excitation power. Data from three as-grown samples 
are presented in Fig. 1. Trace (a) represents recent commercially available material while 
traces (b) and (c) represent material from early crystal-growth efforts (i.e., before many 
of the growth conditions were optimized). The low-energy side of the emission band was 
not recorded because of phototube limitations. 

Three significant observations were initially made concerning this 820-nm emis- 
sion band. First, the intensity of the emission is sample dependent, as illustrated in Fig. 

1. Second, the source of the emission is uniformly distributed in as-grown crystals. 
Third, a limited survey of hydrothermally grown KTP suggests that this emission is either 
not present or is extremely weak in as-grown crystals of that type. In support of the 
second observation, a systematic variation of the position of the 20-|im-diameter excitation 
beam on a surface gave little change in emitted intensity. Also, a freshly exposed surface 
produced by fracturing a crystal, when examined less than one minute after fracture, gave 
the same emitted intensity as the original surface prepared months earlier by the manufac- 
turer. These latter data verified that the emission from as-grown crystals is not simply a 
surface phenomenon that depends on the length of time a surface has been exposed to air 
at room temperature. 

The most likely origin of the 820-nm emission band is Ti3 + ions. Recent studies 
of Ti3+ as a potential lasing ion in various host materials have shown that its emission 
often peaks near 800 nm while its absorption peaks in the 400 to 500 nm region.8'10 In a 
cubic field, the 2D state of this 3d1 ion is split into the threefold degenerate 7J

T2 ground 
state and the twofold degenerate 2E excited state. Reducing the symmetry of the Ti3+ site 
will further remove these degeneracies. The Stokes-shifted emission then occurs from the 
lower sublevel of the excited stale to the ground state and its peak position depends 
directly on the strength of the crystal field.11 

After the initial observations of this 820-nm band, efforts were made in our labor- 
atory to enhance-its intensity. Electron paramagnetic resonance (EPR) studies5,12,13 pre- 
viously have shown that large concentrations of Ti3+ ions can be produced in KTP by re- 
ducing treatments at elevated temperatures or by exposure to ionizing radiation at lower 
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temperatures. However, much to our surprise, we found that applying an electric field 
across a crystal at elevated temperature (in a manner similar to Roelofs12) did not change 
the intensity of the 820-nm emission even though the crystal was discolored and EPR ex- 
periments verified that a large concentration of Ti3+ ions had been formed. In separate 

investigations, we discovered that x-ray-irradiation, at 77 K or room temperature, also 

does not change the intensity of the 820-nm emission even though significant concentra- 

tions of Ti3+ ions were formed. Thus, we are led to the conclusion that the 820-nm 
emission docs not result from the Ti3+ ions that are normally observed with EPR in the 
regular KTP lattice. 

Following a different approach, we found that the intensity of the near-infrared 
emission increased by approximately two orders of magnitude when a KTP crystal was 
held for one hour at 1000°C in air. A micro-Raman spectrum taken at the same location 
as the photoluminescence revealed that the high-temperature anneal had caused significant 
decomposition at the KTP surface. Removal of the decomposed portion of the crystal 
surface by polishing returned the near-infrared emission and the micro-Raman spectra to 
their original (i.e., before anneal) intensities. This cycle of production by high-tempera- 
ture anneal and removal by polishing verified that the enhancement of the emission band 
was occurring only in a region of the crystal near the surface. 

Figures 2 and 3 illustrate the changes in the near-infrared emission and the micro- 
Raman spectra, respectively, that resulted from the one-hour anneal at 1000°C in air.  For 
both types of data, the excitation beam was propagating along the c axis of the crystal with 

its electric field parallel to the a axis. The spectra taken before the high-temperature 
anneal are shown in Figs. 2(a) and 3(a), the spectra taken from one location on the sur- 
face after the 1000°C anneal are shown in Figs. 2(b) and 3(b), and the spectra taken from 
a different location on the surface after the anneal are shown in Figs. 2(c) and 3(c). An 
important feature in Fig. 2 is the small shift in the peak position of the emission from 820 
nm before the high-temperature anneal to 835 nm after the anneal. We believe the same 
type of defect is still causing the emission, namely Ti3 + , but that its environment may be 
slightly different in the decomposing region.  One purpose of showing data from two dis- 
tinct locations on the crystal surface (i.e., traces b and c in Figs. 2 and 3) is to illustrate 
the nonuniformity of the decomposition rate across the surface. This nonuniform decom- 
position is probably associated with a slight unevenness in the original surface polish. 

Comparison of the micro-Raman spectra before and after the high-temperature 
anneal reveal major changes. Fig. 3(a) represents the usual KTP spectrum with the most 
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intense Raman peak at 763 cm"1. This peak is nearly gone in Figs. 3(b) and 3(c) and a 
spectrum having an intense peak at 143 cm"1 has appeared. The presence of the 143 cm"1 

Raman peak clearly indicates that the anatase form of Ti02 has been formed by the high- 

temperature anneal.14"16 Hagerman et al.17 have shown that KTP decomposes at elevated 
temperatures according to the following reaction 

KTiOP04 -> (l-a)KTiOP04(s) + aTi02(s) + (a/2)(P205 + K20)(g) 

where a represents the extent of decomposition. Potassium, phosphorus, and oxygen 

leave the surface in the gas phase. Using x-ray diffraction, Hagerman et al.17 determined 

that the solid form of Ti02 remaining on the surface was rulile. In our investigation, us- 

ing micro-Raman, we find the solid form of the remaining Ti02 to be anatase. These 
results from the two groups do not necessarily conflict since the samples were maintained 
at high temperature for significantly different times in the two experiments (one hour in 
our present study versus tens of hours in the earlier work). In general, there are three 
polymorphs of Ti02 which are stable at room temperature (rutile, anatase, and brookite). 
Anatase is known to convert to rutile on heating above about 915°C; however, numerous 
factors related to the possible topotaxy in both the decomposition process and the anatase- 
rutile transformation may affect the actual temperature range over which this phase change 
might occur on the surface of KTP crystals. 

Returning to traces b and c in Figs. 2 and 3, we see that the intensity of the 835- 
nm emission correlates directly with the amount of Ti02 (anatase) formed at a given loca- 
tion.  These results, when coupled with the more general observation that decomposition 
of the surface is the only way to enhance the near-infrared emission, leave little doubt that 
the origin of this emission is Ti3+ ions in the Ti02 layer produced during the high- 
temperature anneal. These Ti3 + ions would be expected to form as a result of the strong- 
ly reducing conditions associated with the decomposition process. Also, there is a known 

emission band peaking near 850 nm in crystalline Ti02 (rutile) which further supports our 
assignment of the observed emission to defects in Ti02.18"21 

Our results have shown that the emission at 820 nm in the as-grown KTP crystals 
does not correlate in any manner with the Ti3 + ions that are produced in the regular KTP 
lattice by reducing treatments or ionizing radiation. Additional experiments showed that 
high-temperature decomposition of the KTP surface produced large concentrations of Ti02 

(anatase) and an accompanying large 835-nm emission. Together, these observations 
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suggest that the 820-nm emission band present in the crystals grown by the flux technique 

must be due to Ti3+ ions in micro-regions of Ti02 (cither rutile or anatase) that form in 

the bulk of the KTP crystals during growth. Why Ti3+ ions in the regular KTP lattice do 
not luminesce remains an open question. 

To summarize, we demonstrated that phololuminescence and micro-Raman are 
useful techniques for characterizing KTP crystals. Their combined use has clarified the 

origin of the near-infrared emission in as-grown KTP crystals. Also, they provide a sen- 
sitive local probe to study the nature of the decomposition process at the surface of KTP. 
It is expected that these spectroscopic techniques will be especially useful in future studies 
of thin films of KTP.6 

UI. RESULTS OF POINT DEFECT STUDIES IN ZnGeP2 

In recent years, considerable progress has been made in the growth of high-quality 
zinc germanium phosphide (ZnGeP^ crystals for use in frequency conversion applications 
in the mid-infrared. A suitable birefringence, a large nonlinear optical coefficient, and 
good thermal conductivity make this material an excellent choice for optical parametric 
oscillators (OPOs) tunable in the 3 to 9 urn region. However, before ZnGeP2 can achieve 
its full potential, a broad defect-related absorption band extending from 0.7 to 2.5 urn 
must be eliminated. This unwanted absorption band overlaps the desirable 2-jim pump 
region for mid-infrared OPOs and thus limits the maximum pump intensity that can be 

used in these devices. Several post-growth methods to reduce this absorption have been 
investigated, including lengthy thermal anneal, high-energy electron irradiation,22 and 
gamma-ray irradiation.23 These treatments, although helpful, have not eliminated the 
absorption problem in ZnGeP2. 

Nearly all of the ZnGeP2 crystals described in the literature have been highly 
compensated, thus indicating nearly equal concentrations of donors and acceptors. There 
are two competing explanations for the nature of these donors and acceptors. One 
approach is to assume these defects arise from disorder on the zinc and germanium 
sublattices, i.e., a zinc antisite defect would be an acceptor and a germanium antisite 

would be a donor. An alternate approach is to assume that the donors and acceptors are 
vacancy centers. Magnetic resonance techniques such as EPR, ENDOR, and ODMR 
make use of hyperfine interactions to identify specific defect models and thus can help to 
determine whether cation disorder or vacancies dominate in ZnGeP2.  Thus far, the zinc 
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vacancy,24 the phosphorus vacancy,25 and the phosphorus antisite26 have been detected by 
EPR. 

The ZnGeP2 crystals used in the present investigation were grown by the 
horizontal gradient freeze technique at Sanders, a Lockheed Martin Company. Small 
samples with approximate dimensions of 3 x 3 x 3 mm3 were cut from larger boules. 

They had faces perpendicular to the high symmetry directions. The EPR data were taken 

on a Bruker ESP-300 spectrometer operating at 9.45 GHz and equipped with an Oxford 

Instruments helium-gas-flow cryostat for low temperature studies. Slots in the EPR 
microwave cavity allowed optical access to the samples. In the photoluminescence (PL) 
measurements, both cw (514.5-nm argon laser) and pulsed (532-nm frequency-doubled 

Nd:YAG laser) excitation were used. The PL signals were detected with an Instruments 
SA HR-640 monochromator and a pholomultiplier tube with a GaAs(Cs) cathode. For cw 
excitation, the incident beam was chopped and phase-sensitive detection was used. Time- 
decay data were recorded using a Tektronix (TDS 684A) digital oscilloscope. 

EPR shows the presence of two dominant native defects, a zinc vacancy and a 
phosphorus vacancy, in all of the ZnGeP2 samples grown by the horizontal gradient freeze 
technique. The singly ionized zinc vacancy acceptor is paramagnetic (S = Vz) and is eas- 
ily seen without photocxcitation at temperatures below 50 K.24 The unpaired spin is 
shared nearly equally by two phosphorus nuclei (I = %, 100% abundant), which gives 
rise to triplets (1:2:1 line intensity ratios) in the EPR spectra. ENDOR has provided 
information about the lattice distortion surrounding the vacancy.27 This defect is present 
with slightly varying concentrations (on the order of 1019-1020 cm'3) in all samples 
studied. 

Several additional intrinsic defects in ZnGeP2 can be observed during photoexci- 
tation. Laser excitation changes the valence of donors and acceptors, thus converting non- 

paramagnetic defects into paramagnetic forms. For example, phosphorus vacancies in 
ZnGeP2 are present as singly ionized donors, but it is their neutral state which is paramag- 
netic" These latter centers are observed by illuminating the samples with above-band- 
gap (514.5 nm) or below-band-gap (632.8 nm) light at temperatures below 10 K. Even at 
these low temperatures, the neutral state is not stable and decays back to the singly ionized 
form in a matter of seconds or less. The EPR spectrum from the neutral phosphorus va- 
cancy shows no hyperfine structure, indicating the unpaired spin does not strongly interact 
with phosphorus neighbors. This defect is usually observed at concentrations comparable 
to that of the zinc vacancies. 
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Another native paramagnetic defect, the phosphorus antisite, is not usually seen in 
ZnGeP2 samples grown by the horizontal gradient freeze technique. However a recently 
grown sample did reveal a significant concentration of this donor. Kaufmann et al.26 init- 

ially reported the presence of phosphorus antisite centers during photoexcitation at low 

temperatures. This spectrum exhibits a large hyperfine splitting (about 750 G) with the 
central phosphorus nucleus and smaller ligand hyperfine interactions with the four nearest 
phosphorus neighbors. We can observe this spectrum al temperatures as high as 40 K, at 
which point the neutral charge state of the donor becomes unstable and converts back to its 
singly ionized form. This phosphorus antisite spectrum has only been present in one of 
the samples grown at Sanders, and for this reason it is not expected to play a major role in 
explaining the origin of the near-edge absorption in ZnGeP2. 

The optical absorption extending from 0.7 to 2.5 p.m in ZnGeP2 is commonly 

assumed to be due to point defects. We have shown that this near-edge optical absorption 
correlates with the intensity of the EPR spectra from singly ionized zinc vacancies. These 
results strongly suggest that the zinc vacancy acceptors play a direct role in the optical 
absorption phenomenon. Also, large concentrations of phosphorus vacancy donors were 
present in these samples. We conclude that the optical absorption is most likely due to 
several overlapping bands arising from an acceptor-to-donor transition and band-to-defect 
transitions.  Support for'this view comes from PL studies. 

Results of photoluminescence experiments help to further connect these defects 
seen by EPR to the near infrared absorption. While PL spectra in ZnGeP2 are often com- 
plex,28 measurements taken on our samples indicate only two dominant emission bands al 
low temperature. One band is partially polarized along the c axis of the crystal (the 1.42 
eV band) and the other band is unpolarized (the 1.62 eV band). A possible explanation 
for the two bands is two distinct donor-acceptor-pair (DAP) recombinations. Such a 
model is not considered likely since EPR data, thus far, have revealed the existence of 
only one dominant donor (the phosphorus vacancy) and one dominant acceptor (the zinc 
vacancy) in our samples. It is more likely that one of the observed bands is DAP (i.e., 
the 1.42-eV band) and the other is a band-to-impurity transition, i.e., an (e,A) or (D,h) 
transition. Since the PL spectra shown are also observed with below-band-gap light 
(632.8 nm), we suggest that the 1.62-eV emission is donor-hole (D,h) recombination. We 
find that the emission and optical absorption exhibit the same polarization behavior and, 
furthermore, our PL polarization study is at variance with the report of McCrae et al.29 

8 
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A preliminary investigtion of the time-decay behavior of the PL bands has been 
completed. Data were obtained by monitoring the DAP emission at 1.42 eV after an 8-ns, 
532-nm excitation pulse. Because of the low intensity of the emitted light, 1000 decays 
were accumulated. The decay occurs over a time window extending out to approximately 
20 ms and can not be fit by a single exponential. These results support our previous 

assignment of this emission of DAP recombination in an indirect-gap semiconductor. We 
also measured the decay of the PL occurring at 1.62 eV and found a similar dependence 
on time. 

EPR, ENDOR, PL, and time-resolved PL are well suited to study defects in 
ZnGeP2. Their usefulness, however, is not restricted to studying native defects.  Substi- 
tutional manganese was reported by Baran et al.,30 and we have recently "rediscovered" 
this defect in material grown by the horizontal gradient freeze technique. A careful 
analysis of the Mn2+ EPR spectrum yields spin-Hamiltonian parameters similar to those 
reported by Baran et al. The defect is an S =5/2 system interacting with an I = 5/2 
nucleus (100% abundant). A small crystal field, due to the crystal's tetragonal symmetry, 
splits the spectrum into five sets of six lines. The only sample this manganese spectrum 
has been seen in was the one in which the phosphorus antisite was also observed. This 
piece was cut from the end of a boule, indicating a possible variation in stoichiometry, and 
photoluminescence studies have not yet been performed on this sample. 
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FIGURE CAPTIONS 

Figure 1. Photoluminescence from three as-grown KTP crystals. The data were taken at 

room temperature with cw 457-nm excitation. 

Figure 2. Photoluminescence from a KTP crystal (a) in its as-grown condition, (b) at one 

location on the surface after a one-hour anneal at 1000°C in air, and (c) at a 

different location on the surface after the anneal. The original data has been 

multiplied by a factor of twenty in trace (a). 

Figure 3. Micro-Raman from a KTP crystal (a) in its as-grown condition, (b) at one 

location on the surface after a one-hour anneal at 1000°C in air, and (c) at a 

different location on the surface after the anneal. The original data has been 

multiplied by a factor of two in trace (a). A single sample, annealed only once 

at high temperature, has been used in Figs. 2 and 3, thus allowing a direct 

correlation of the traces. 
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