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Potassium titanyl phosphate (KTiOPO, or KTP) is a quadriatomic material made of O, P, K, and Ti
which crystallizes in an orthorhombic structure with space group Pna2. The virgin KTP at different ax-
ial orientation, (100), (001), and {010), has been investigated by the channeling technique. The ob-
tained corresponding minimum yields are 3.8, 4, and 11 %), respectively. Damage in KTP was created by
200 and 400 keV He-, Xe-, and Hg-ion irradiations with the dose varying from 1X 10" to 1X 10!
ions/cm?. The effect of ion mass, energy, dose, annealing temperature, and orientation of KTP on the
damage has been studied. The number of displaced atoms, the damage peak, and damage width are ex-
tracted from the experimental data. The numbers of the displaced atoms obtained are compared with
the TRIM code (the transport of ions in the matters). The result shows that the experimental numbers of
the displaced atoms are in agreement with theoretical ones predicted by the TRIM code within the order
of the magnitude. Also for the case of He ion implanted in KTP to a dose of 1X 10'¢ jons/cm?, the
recovery of the crystallinity of the KTP is observed after 800°C annealing.

I. INTRODUCTION

Potassium titanyl phosphate (KTiOPO, or KTP) is a
relatively new and attractive material with applications in
electro-optics.! > It is used in the frequency doubling of
near-infrared lasers and has been employed to produce a
Mach-Zehnder electro-optics wave-guide device capable
of modulating light at up to 12 GHz.* The large non-
linear optical coefficient combined with a high optical
damage threshold make this material presently one of the
most useful for nonlinear optical devices and integrated
optical application.*¢

The use of ion implantation to change the physical
property, for example, the refractive index, of KTP may
be interesting. In 1992, Zhang and co-workers reported
the ion-implanted optical wave guide in the nonlinear
material KTP and second-harmonic generation in an
ion-implanted KTP wave guide.”® A major effect of ion
irradiation in optoelectrical materials is the modification
of the refractive index.® The change of the refractive in-
dex depends on the radiation damage produced by ion
implantation. Accurate information of the damage
profile created by ion irradiation is important for a
variety of reasons. In the ion-implantation technique, it
has been found that the annealing behavior depends on
the character and intensity of the damage.! In order to
understand and predict the results of implantation and
annealing processes, we need to know the damage distri-
bution.

Channeling has been shown to be a powerful tool in the
study of radiation damage created from ion irradiation in
crystal.!! The channeling technique yields not only the
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amount of damage, but also contains parameters of the
depth distribution of the damage. Because of extra
dechanneling from the displaced atoms, the damage
profile is not simply given by the difference of the two
spectra; the yield in the post-implant spectrum is a sum
of direct scattering of channeled ions from the damage
centers and scattering from the nonchanneled part of the
beam. To determine the depth distribution of the dam-
age from these spectra, the dechanneling must be con-
sidered.

To our knowledge, previous ion-channeling studies in
KTP have not been reported. The main purposes of this
work are first, to give measurement results of random and
aligned spectra for virgin KTP in different orientations;
second, to present the damage dependence on ion mass,
energy, dose, annealing, and orientation of KTP; third, to
extract the damage peak, damage width and number of
the displaced atoms from present experimental data as
well as to compare the number of the displaced atoms ex-
tracted with the TRIM code (the transport of ions in the
matters).

II. EXPERIMENT

A. Sample preparation

The potassium titanyl phosphate (KTP) crystal used in
this work was provided by the Institute of Crystal Ma-
terial, Shandong University. Before cutting, the quality
of KTP crystal was checked using Rutherford back-
scattering. Samples 1 mm thick were cut along three sets
of planes: (100), (010), and (001) from a large KTP crys-
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tal. The direction of the sample was investigated using
x-ray diffraction. The samples were optically polished
and cleaned before irradiation.

B. Damage production

The damage in KTP was produced by ion irradiation.
The ion irradiations were performed using a 400-kV ion
implanter at Shandong University. In order to ensure un-
iformity over the implanted area, a two-directional elec-
trostatic scanning system was used. The system for
parallel scanning of the beam consisted of four sets of
deflection plates. A neutral beam trap was also em-
ployed. The irradiations were carried out at room tem-
perature. Different ions were chosen such as He™, Xe™,
and Hg* with energies varying from 200 keV to 400 keV.
The implantation doses in range from 1X10!* and
1X 10 jons/cm® were employed for He, Xe, and Hg
ions, respectively. The integration of the ion current to
the target was used to achieve highly accurate dose mea-
surement. In order to study the damage dependence on
the orientation of KTP crystal, the samples which have
been cut in different orientation were irradiated by ions in
the same condition.

C. Thermal annealing

In order to investigate the thermal annealing behavior
of damage in KTP induced by ion irradiation, a set of
samples which were cut along (100) plane were chosen.
The samples were irradiated by 400-keV He ion with a
dose of 1X10'® jons/cm?, and then annealed at various
temperatures.

D. Rutherford backscattering channeling measurement

The KTP samples were analyzed by the Rutherford
backscattering (RBS) and channeling technique with 2.1-
MeV “He?* from 2X1.7-MV tandem accelerator of
Shandong University. The samples were mounted in a
three-dimensional goniometer that had an accuracy of
0.01°. The target rotation was controlled by stepping mo-
tors that were controlled by a computerized system,
which also determined the alignment corresponding to
the minimum of the backscattering particles. The back-
scattered particles were detected at a scattering angle of
165° with a surface barrier detector. The probed area was
1 mm? in size and the He beam current typically is 10
nA. The amplified pulses from the detector were
transferred to a multichannel analyzer and the spectra
were finally stored in a computer for data analysis. The
ion beam was collimated with two slits which can be ad-
justed in the experiment. The energy resolution of the
solid-state detector is 18 keV. The angle of collimation of
the ion beam is less than 0.001°.

III. RESULTS

Potassium titanyl phosphate (KTP) is a quadriatomic
material made of O, P, K, and Ti. KTP crystallizes in an
orthorhombic structure with space group Pna2. Lattice
constants are a =12.814 A, b=10.61 A, and ¢ =6.404

FIG. 1. Projection of the normal KTP[001] structure.

A. This compound is a monophosphate. Each atom of
the asymmetric unit is replicated in four sites by the sym-
metry operations of the space group. KTP contains two
different types of titanium sites, denoted Til and Ti2.
Each titanium atom in the normal structure is coordinat-
ed to six oxygen atoms. Four of these belong to phos-
phate groups, while the other two, denoted chain oxy-
gens, are involved in an infinite chain of alternating ti-
tanium and oxygen atoms. One difference between Til
and Ti2 is that the two chain oxygens coordinated to Til
make a bond angle O-Til-O of roughly 90°, while the two
chain oxygens coordinated to Ti2 make an angle O-Ti2-O
of 180°.! Figure 1 shows a projection of the KTP[001]
structure.!> The corresponding axial channeling spec-
trum and random spectrum are given in Fig. 2 for virgin
KTP. From Fig. 2 the minimum yield is 4%. Figure 3
depicts the projection of KTP[010] structure. Random
spectrum of virgin KTP crystal and aligned spectrum of
KTP(010) axial direction are shown in Fig. 4. The ran-
dom spectra were obtained by rotating while tilted away
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FIG. 2. RBS/channeling spectra. The minimum yield is 4%.
(A) Channeling spectrum for 2.1-MeV He ions incident in the
{001) axial direction of a virgin KTP. (B) Random spectrum of
KTP.



772 WANG, SHI, WANG, LIU, LIU, AND ZHAO 50

oe(e
4
B

0w %

FIG. 3. Projection of the normal KTP[010] structure.

from a channeling direction. The minimum yield is 11%.
In order to observe the effect of the crystal orientation on
the minimum yield, { 100) axial direction is also chosen.
For KTP(100) axial direction the minimum yield is
3.8%. In this work, the minimum yield is defined as the
ratio of the height of valley of Ti surface peak to one of
corresponding random spectrum. Ideally, this should be
performed at the same depth of penetration of the ion
beam.

The He backscattering spectra are recorded for the
channeling and nonchanneling direction. The difference
in the normalized yield curves (defined as the channeling
spectrum divided, point by point, by the nonchanneling
spectrum) for pre- and post-implant conditions was taken
as a measure of the damage caused by the irradiation.

A. Mass dependence

The effect of ion mass on the induced radiation damage
was observed by implanting 400-keV 2°?Hg and **Xe
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FIG. 4. RBS/channeling spectra. The minimum yield is
11%. (A) Channeling spectrum for 2.1-MeV He ions incident in
the (010) axial direction of a virgin KTP. (b) Random spec-
trum of KTP.
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FIG. 5. Channeling spectra in the {010) axial direction of
KTP irradiated by 400-keV Hg ions and 400-keV Xe ions with a
dose of 1X 10" ions/cm?. (A) 400-keV Xe ions; (B) 400-keV Hg
ions. R represents random spectrum of KTP.

ions to a dose of 1.0X 10" ions/cm? into a (010) KTP
crystal. The results are shown in Fig. 5. Figure 5 shows
that for the lighter ion implant, the damage peak occurs
at a lower energy on the backscattering spectrum and
thus indicates that the damage peak is at a greater depth
into the KTP crystal as expected. The height of the dam-
age peak created by Hg ions is higher than the one creat-
ed by Xe ion. The damage width created by Hg ion is
narrower than one created by Xe ions. It is concluded
that the damage in KTP depends strongly on the ion
mass for the cases of both Hg' and Xe% irradiations.
The ratio of their damage widths corresponds approxi-
mately to that of their range stragglings, as discussed sub-
sequently.

B. Energy dependence

In order to see the effect of ion energy on the damage,
we have used Hg ion implanted at room temperature in a
(010) KTP crystal. The energy was chosen at 200 and
400 keV with the same dose of 1X10'3 ions/cm?. The
random and aligned spectra are shown in Fig. 6. From
Fig. 6, it is observed that the position of the damage peak
produced by 400-keV Hg ion is deeper than one produced
by 200-keV Hg ion. The ratio of widths of the damage
distribution is 1.73. According to our measurement re-
sult of Hg ions in amorphous KTP, the range stragglings
obtained for 400- and 200-keV Hg ions in KTP are 348 A
and 231 A, respectively. Hence, the ratio of the range
stragglings is closer to the ratio of the damage distribu-
tion.

C. Dose dependence

For comparing the dose dependence of damage created
at room temperature by Xe ion in KTP, we used two
KTP samples which were cut along the (001) plane.
There was no special purpose for choosing this orienta-
tion. The irradiation doses were 1X10' and 5Xx10"*
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FIG. 6. Channeling spectra in the (010) axial direction of
KTP irradiated by Hg ions with a dose of 1X 10" at 200 keV
and 400 keV, but the current density is different. (A) 200-keV
Hg ions; (B) 400-keV Hg ions. R represents random spectrum
of KTP.

ions/cm? and the energy was 200 keV. As shown in Fig.
7, the amount of damage increases with the dose. The ra-
tio of amplitude of the damage is 1.26 for the dose of
5X 10" jons/cm? and 1X 10" ions/cm?. From Fig. 7 it is
observed that the saturation of the damage is not ap-
proached for the case of the dose 5X 10" ions/cm? for
Xe ions implanted in KTP.

D. Annealing behavior

A (100) KTP sample was irradiated with 400-keV He
ion to a dose of 1X10'® ions/cm? and then annealed at
200, 400, 600, and 800°C in oxygen atmosphere. The
channeled spectra in post annealing are shown in Fig. 8
where we can see that with increasing of annealing tem-
perature, the number of displaced atoms is decreased.
After a 5-min annealing at 800 °C, the minimum yield is
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FIG. 7. Channeling spectrum in the (001) axial direction of

KTP irradiated by 200-keV Xe ions with the dose of 1X 10"
ions/cm? and 5X10" ions/cm?. (A) 1X10" jons/cm% (B)
5X 10" ions/cm?. R represents random spectrum of KTP.
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FIG. 8. Channeled spectra in the axial direction {100) of
KTP irradiated by 400-keV He ions to a dose of 1X10'
ions/cm? in different annealing temperature.

3.6% which is closer to 3.8% of virgin KTP. This fact
indicates the recovery of crystallinity of KTP.

E. Orientation dependence

To observe the effect of the orientation of KTP on the
damage during the ion irradiation, we have used two
samples which were cut along (100) and (001) planes. The
KTP samples were irradiated by 200-keV Xet with the
same dose of 1X 10" ions/cm®. Figure 9 represents the
comparison between aligned spectra for KTP (100) and
(001) axial direction. The backscattering yield obtained
for (100) axial direction is higher than one for (001)
axial direction. This result may be explained as two
reasons. First is that the ion-induced damage probably
depends on the orientation of the KTP. Second is that
the dechanneling fraction is different due to arrangement
of the atom in the two different channels.
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FIG. 9. Channeled spectra for KTP irradiated by 200-keV
Xe ions with a dose of 1X 10" ions/cm? at different orientation.
(A) (100) axial direction; (B) (001) axial direction. R
represents random spectrum of KTP.
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IV. DATA ANALYSIS AND DISCUSSION

The damage profiles created by ion implantation in
solids have been studied quite extensively, particularly in
a monatomic crystal like Si.'*"!® Atomic collision cas-
cade theory has been developed to predict the damage
profile in a variety of cases. It is known that a theoretical
treatment of damage profiles for ion in polyatomic target
is complicated. Gotz suggests!” that the mean damage
range R, and the damage range straggling AR, created
by ion irradiation can be replaced by the mean projected
range R, and the range straggling AR, of ions implanted
in solids in a fairly good approximation. But in general
the damage profile legs the implant profile and the dam-
age profile is broader than the range profile for Si.

A. Calculation of range profile parameter

In general, the implanted ion distribution can be de-
scribed by Pearson distribution of type IV using the four
moments projected range, range straggling (standard de-
viation), skewness, and kurtosis.'® It is well known that
Lindhard, Sharff, and Shigtt (LSS) theory is widely used
for calculation of low velocity ion ranges in solids, origi-
nally developed for a monatomic target.!® Although Gib-
bons, Johnson, and Mylroie used the LSS procedure to
calculate the mean projected range and range straggling
of ions in polyatomic target, the target is limited to three
elements or less.”’ The Monte Carlo simulation can be
employed for calculating the mean projected range and
range straggling as well as other parameters of ions in the
polyatomic target made of four elements or less.?! KTP
is a four-element target made of O, P, K, and Ti. We
have developed a method to calculate the mean projected
range and range straggling of heavy ions in polyatomic
target based on Biersack’s angular diffusion model.?%?3
The calculation procedure is given in detail elsewhere.?*
Table I summarizes the data on the mean projected range
and range straggling of He™, Xe*, and Hg" in amor-
phized KTP obtained by TRIM’89 code and our calcula-
tion procedure. Experimental mean projected range and
range straggling is higher than calculated ones. The
reason is not known. This phenomenon is similar to the
result reported in Refs. 25 where Grande and co-workers
have studied the range profiles of heavy ions in C film and
found a large difference between the experimental values
and the prediction of Ziegler, Biersack, and Littmark,

with theory predicting the mean projected range being
about 45% of the experimental value. As for the range
straggling, the experimental values always exceed the
predicted ones, the difference being almost 100%. But
they found that good agreement is achieved only after in-
elastic effects are included in nuclear stopping power re-
gime for Au and Bi implanted into photoresist films.2

B. Extraction of parameters of damage distribution

It is difficult to calculate the parameters of damage dis-
tribution created by ions in such polyatomic target as
KTP. We can ask what quantitative information may be
obtained from present experimental data. This is our
data in using characteristic atom O in KTP for getting
such information. The following assumptions are made:
(1) The quadriatomic target KTP is equivalent to a
“mean element target” with an atomic number equal to
the average atomic number of KTP and a mass equal to
the average atomic mass of the KTP. (2) Ratio of stop-
ping power of channeled to random direction for He ion
in O, P, K, and Ti of KTP is 0.5. We have then used the
procedure by Feldman and Rodgers to estimate the dam-
age distribution parameters.?’

1. Damage peak and width

The energy of a particle E;(¢) with incident energy E,,
which remains in the channel for a depth ¢, then scatters
to an angle (7-6) and emerges in a nonchanneling direc-
tion is given by

—(1/cosO)(dE /dX), , (1

where (dE /dX), is the stopping power for particle enter-
ing in the channel, (dE /dX), is the stopping power for
the emerging particle. The third term represents the ki-
nematic energy loss due to actual collision of the He ions
of energy [E,—t(dE /dX),] with a target atom. This
equation may be solved for ¢ to give

t =[E,—E ()]/[(1—k,)(dE /dX),+(dE /dX),/c0s0] ,

2)
where E,=E, —K,E,=KE, and is the energy of a parti-

TABLE 1. Projected range R, and range straggling AR, of He™, Xe*, and Hg* in amorphous KTP
used for damage production. Experimental data of projected range and range straggling of Xe* and

Hg" in KTP crystal come from Refs. 32 and 33.

Projected range

Range stra‘ggling

Energy R, (A) AR, (A)
Ion (keV) TRIM’89 Our calc. Expt. TRIM’89 Our calc. Expt.
He 400 14000 1400
Xe 200 654 727 862 172 179 284
Xe 400 1134 1326 1693 288 300 491
Hg 200 586 641 754 135 135 231
Hg 400 985 1039 1339 226 205 348
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TABLE II. The experimental values of the total displaced O atoms, damage peak, and damage width

created by 200-keV Hg, 400-keV Hg, and 400-keV

Xe ions with a dose of 1X 10" ions/cm? The

theoretical values of the total displaced O atoms are obtained by TRIM code.

Energy Total displaced Damage peak Damage width
Ion (keV) O atoms (10'® cm™?) (A) (A)
Expt. TRIM
Hg 200 5.59 4.79 856 436
Hg 400 8.19 8.59 1478 756
Xe 400 2.90 7.24 1711 877

cle scattered from the surface. K is the kinematic factor.
Thus the depth of the peak of the damage is simply pro-
portional to the energy difference of the surface peak and
the damage peak. The damage width can be estimated
from the above equations also.

2. Total displaced atoms

Due to the extra dechanneling from the displaced
atoms the damage profile is not simply given by the
difference of the two spectra, but at any energy or depth,
the yield in post implant spectrum is a sum of direct
scattering of channeled ions from the damage centers and
scattering from the nonchanneled part of the beam.2® 3!
Therefore to determine the depth distribution of the dam-
age from these spectra, the dechanneling must be con-
sidered. The displaced atoms can increase the measured
yield of a damaged KTP crystal in two ways: (1) by
deflecting the particles out of the channel so they become
part of the normal beam and then available to scatter,
i.e., dechanneling; (2) by direct scattering of the chan-
neled beam from the displaced atoms. Both displaced
particles and the ones in regular sites can deflect the in-
cident beam out of the channel. Over most of the range
of defect densities, the multiple scattering is the dom-
inant dechanneling mechanism. However, only for some
very low-damage cases single scattering may dominate
and each individual case must be decided separately. The
disorder distribution is simply given by

N;(t)/N =[X,(t)—f,()]/[1—f,(D)], (3)

where N,(t) and N are displaced atoms and host atoms in
unit volume at depth (¢), respectively. X, is the normal-
ized yield from a damaged crystal at any depth ¢ and
fn(t) is the fraction of the beam normal at depth ¢. f,(¢)
may be estimated under two different assumptions of the
dechanneling mechanisms: single scattering and multiple
scattering. For multiple scattering,

F(=X,()+[1—X,(t)]exp[ —¢2/QX1)] , @)
where X, (¢) is the perfect crystal yield at depth ¢,
QX0)=(x/2td’Ln [ N(tdt’ &)

where ¢, =(2Z,Z,e*/Ed)"? and Ln=1In(1.29%). ¢, is
the critical angle for channeling.

We can see that all quantities in the equations are
known experimentally or may be estimated and thus
N,(t) may be calculated by an iterative procedure. Table
II shows the experimental values of total displacement O
atoms, damage peak, and damage width created by Xe
and Hg ions in KTP. From Table I and Table II, it is
found that the damage peak is closer to the projected
range and the damage profile is broader than the range
profile. In order to compare the experimental value with
the theoretical one on the number of displaced atoms, we
have used the TRIM code to calculate it. The results are
listed in Table II.

V. SUMMARY

Potassium titanyl phosphate (KTiOPO, or KTP crys-
tal) is a quadriatomic material made of O, P, K, and Ti in
an orthorhombic structure with space group Pna2. This
is the first time we have used the Rutherford backscatter-
ing and channeling technique to study the virgin KTP at
different orientations and the damage in KTP crystal
created by ion irradiation. The minimum yields obtained
were 3.8, 4, and 11 % for virgin KTP at (100), (001),
and (010) axial directions, respectively. These values
are closer to one of a silicon crystal. This is an indication
of the degree of KTP crystal perfection. The damage
peak is closer to the projected range and the damage
profile is broader than range profile for both Hg and Xe
implanted in KTP. The ratio of damage width to damage
peak is about 0.5. This result is similar with one reported
by Feldman and Rodgers for Si. For the case of 400-keV
He" implanted in KTP to a dose of 1X 10! ions/cm?,
the recovery of crystallinity of KTP is observed after
800°C annealing for 5 min. The present results show that
the numbers of displaced O atoms induced by 200-keV
Hg, 400-keV Hg, and 400-keV Xe ions in KTP are in
agreement with ones predicted by TRIM code within the
order of magnitude. It seems reasonable that the recom-
bination is not important for the case of KTP induced by
heavy ions such as Xe and Hg in low dose irradiation.
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