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Photothermal spectroscopies, photopyroelectric spectroscopy and photoacoustic spectroscopy
�PAS�, were used to study the thermal and optical properties of untreated and N+ ion implanted
polyetheretherketone �PEEK� films. The photopyroelectric �PPE� intensity signal and its phase were
independently measured as a function of wavelength and chopping frequency in the saturation part
of the PPE spectrum. Equations for both the intensity and the phase of the PPE signal were used to
fit the experimental results. From these fits we obtained the thermal diffusivity coefficient, the
thermal conductivity, and the specific heat of the samples, as well as a value for the condensed phase
optical gap. Additionally, using PAS we carried out a quantitative depth profile analysis of the
optical properties of the ion implanted PEEK films. Since the thermal diffusion length varies
inversely with the square root of chopping modulation frequency, at high chopping frequencies
surface information is obtained. At low chopping frequencies information concerning the properties
of the bulk is obtained. The overall objectives of this study are to understand and quantify how ion
implantation affects the thermal and optical properties of the polymer, particularly within the
implant region. We find that significant changes do occur, and our results have implications for the
use of ion implantation to create plastic electronic and sensor devices. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2436465�

I. INTRODUCTION

Polyetheretherketone �PEEK� �see Fig. 1 for monomer
structure� is a high performance thermoplastic with high
temperature resistance �can be maintained at temperatures of
�460 °C�, high chemical resistance, good radiation resis-
tance, low flammability, and good mechanical properties.
PEEK products can come in an opaque, crystalline form or in
a transparent, amorphous, flexible thin film. PEEK is used in
applications which experience highly demanding
environments.1 PEEK products are produced by a high tem-
perature, high pressure molding process, and the polymer
can survive recasting, and hence, be recycled. Ion treatment
of PEEK has been shown to induce chemical, mechanical,
and electrical changes, and ion implanted PEEK has been
used to create devices such as infrared bolometers.2–9 It has
also been suggested that ion implantation of PEEK and other
such polymers could be used to create low cost plastic cir-
cuitry and circuit elements.2

Photothermal spectroscopic �PTS� techniques have been

extensively and successfully applied to solid state materials
to obtain their thermal and optical parameters.10–13 Among
the PTS techniques, photoacoustic spectroscopy �PAS�,14

which is the most traditional one, and the more recent pho-
topyroelectric spectroscopy15 �PPES� have been used for
studying thermal and optical properties of polymeric films
and semiconductors.16–24 In these techniques a pulsed light
beam is absorbed in a solid sample and the converted heat
diffuses into the bulk structure; the sample expansion, or the
temperature gradient, is then detected by an appropriate sen-
sor system. The detected signal depends on the optical and
thermal properties of the sample: the optical absorption co-
efficient ���� �� being the light wavelength�, the nonradia-
tive conversion efficiency ����, the thermal conductivity k,
and the thermal diffusivity coefficient �. The signal also de-
pends on experimental control parameters such as the chop-
ping frequency f of the incident light beam. Of the various
physical parameters which can be measured, the thermal dif-
fusivity is particularly important because it allows one to
obtain the thermal conductivity and specific heat. When the
thermal conductivity is known, information can be obtained
regarding the heat transfer process by phonons and by carri-
ers �electrons or holes�. In this current study, we used
samples of PEEK as self-supported films. Our objective was

a�Author to whom correspondence should be addressed; electronic mail:
jeduardo@ufv.br

b�Electronic mail: meredith@physics.uq.edu.au

JOURNAL OF APPLIED PHYSICS 101, 054506 �2007�

0021-8979/2007/101�5�/054506/8/$23.00 © 2007 American Institute of Physics101, 054506-1

http://dx.doi.org/10.1063/1.2436465
http://dx.doi.org/10.1063/1.2436465
http://dx.doi.org/10.1063/1.2436465


to study how the ion implantation process changes the ther-
mal and optical parameters of the PEEK samples. In particu-
lar, we wished to probe and understand changes that occur
within the implantation region �� the top 100 nm of the
surface�. For this purpose, we used PPES to obtain the ther-
mal diffusivity coefficient of PEEK films, and utilizing these
data, we used PAS for a quantitative depth profile study by
wavelength scanning in various light modulation regimes.
Our work is motivated by a desire to understand the physical
and chemical consequences of ion implantation in polymers
with a view to creating low cost plastic circuitry, circuit el-
ements, and sensors.

II. MANDELIS-ZVER THEORETICAL MODEL „PPES…

The photopyroelectric �PPE� spectrometer used in our
experiments is schematically shown in Fig. 2. It comprises
an optical part �light source, monochromator, and chopper�,
the custom-made pyroelectric chamber, and the measuring
system. The measuring system is composed of a lock-in am-
plifier, locked at the chopper frequency, connected to a mi-
crocomputer that stores the data and controls the experiment.
The mechanical slotted wheel chopper modulates the inci-
dent light whose intensity obeys the expression14–16,19,23

I =
Io

2
�1 + cos��t�� , �1�

where Io is the amplitude of the beam intensity and
� �=2�f� is the angular chopping frequency. The absorption
of this modulated pulsed light gives rise to a periodic heating
of the sample owing to nonradiative relaxation of excited
states. The nonradiative conversion efficiency ���� is con-
sidered near unity, since luminescence effects in PEEK have
very low efficiency over the wavelength used in this study.
The generated heat is detected by a pyroelectric detector
which is in direct contact with the sample.

The detected signal V�� , t� is proportional to the pyro-
electric coefficient p of the detector and to the temperature
distribution along the detector thickness:15,16,18,19,22,23

V��,t� = � p

K�0
�

LP

TP��,x�dx�ei�t, �2�

where Lp is the detector thickness, Tp�� ,x� the temperature
field in the bulk of the detector, K the relative dielectric
constant of the material, i=	−1, and �o the vacuum dielectric
permittivity. The heat propagation across the whole chamber
is governed by heat diffusion equations of each medium
coupled via boundary conditions at the interfaces �Ta=Tb and
kadTa /dx=kbdTb /dx, a and b representing consecutive me-
dia�, as established by Mandelis and Zver.15 The signal
V�� , t� obtained by integrating the diffusion equations is nor-
malized by the ratio V�� , t� /VR, where VR is the signal mea-
sured directly over the detector painted with a very thin layer
of a black ink. In this latter case the detector is considered
thermally thick and optically opaque, i.e., �p	Lp and �p

−1

	Lp, where �p= ��p /�f�1/2 is the thermal diffusion length of
the detector and �p

−1 is its optical absorption length. Thus,
exp�±
RLR�
1, �rR��1, and �R
1, where rn=�n /
n and

n= �1+ i�an, with an= ��f /�n�1/2 �n=g ,s , p; that is, g=gas,
s=sample, and p=pyroelectric�. Then, the normalized volt-
age signal results in16,19,23,24

Vn��S,��

= �
 �SrS

rS
2 − 1

��2�bgs + rs� − ��rs + 1��bgs + 1�e
SLS

− �rs − 1��bgs − 1�e−
SLS�e−�SLS�

+ ��bgs + 1�e
SLS − �bgs − 1�e−
SLS�e−�SLS�
�� bgs + bps

�bgs + 1��bps + 1�e
SLS − �bgs − 1��bps − 1�e−
SLS
� , �3�

where bnm=knan /kmam and LS is the sample thickness. Equa-
tion �3� is a complex function of the thermal, optical, and
geometrical parameters of the system, and it governs our
results since we worked at chopper frequencies above the
minimum required for its validation ��p	Lp, which means
frequencies above 9.8 Hz�. Assuming the case where the
sample is in an optically opaque condition, that is, in the
saturated region of the spectra, then the normalized voltage
signal results in16,18,22

Vn���

= 2�S� �bgs + bps�
�bgs + 1��bps + 1�e
SLS − �bgs − 1��bps − 1�e−
SLS

�
�4�

and the corresponding phase equation16,22

FIG. 1. PEEK monomer structure.

FIG. 2. Schematic of the experimental setup used for photothermal spec-
troscopy measurements of PEEK samples. Illumination and acquisition were
synchronized using a lock-in amplification arrangement.
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Fn��� = − arctan� �bgsbps + 1�cosh�asLs� + �bgs + bps�sinh�asLs�
�bgs + bps�cosh�asLs� + �bgsbps + 1�sinh�asLs�

tan�asLs�� . �5�

Equations �4� and �5� are complex functions and are used to
obtain the thermal parameters: thermal diffusivity � and ther-
mal conductivity k. Then, utilizing the relation k=
c�,
where 
 is the mass density and c is the specific heat, valid
for a stationary state, we can obtain the specific heat of the
sample cs.

16,18,22

III. ROSENCWAIG-GERSHO THEORETICAL MODEL
„PAS…

In the case of the PAS, the heat propagation across the
whole chamber is governed by heat diffusion equations of
each medium coupled via the boundary conditions at the
interfaces �Ta=Tb and kadTa /dx=kbdTb /dx�, as established
by the Rosencwaig-Gersho theory,14 whose normalized pho-
toacoustic signal �Sn� produced by the microphone �the pres-
sure variation of the gas� is17,18

Sn =
�srsbbs

rs
2 − 1

��rs − 1��bbs + 1�e
SLS

− �rs + 1��bbs − 1�e−
SLS + 2�bbs − rs�e−�SLS�

�
1

��bgs + 1��bbs + 1�e
SLS − �bgs − 1��bbs − 1�e−
SLS�
,

�6�

where rs=�s /
s, 
s= �1+ i�as with as= ��f /�s�1/2, bnm

=knan /kmam �n=g ,s ,b; that is, g=gas, s=sample, and b
=backing�, and LS is the sample thickness. This equation is a
complex function of the optical, thermal, and geometrical
parameters of the system, and it governs our results for all
chopper frequencies. As the thermal diffusion length is the
reciprocal value of as, i.e.,

�S =	�S

�f
, �7�

it varies inversely as the square root of chopper frequency.
Hence we can conduct a depth profile analysis by performing
wavelength scans at various chopper modulation frequencies.

IV. EXPERIMENTAL METHODOLOGY

A. The photothermal spectrometer

The photothermal spectrometer used in our experiments
is schematically shown in Fig. 2. The monochromator was a
Sciencetech model 9055F. Note that an optical cable can be
connected to the photothermal chamber, substituting for the
mirror, or the chamber can be attached directly onto the exit
slit of the monochromator. The measuring system was com-
posed of a Stanford Research System SR 530 lock-in ampli-
fier locked at the chopper frequency. Data were acquired
automatically, and the system was controlled by a computer
via a general purpose interface bus. The mechanical slotted

wheel chopper �Stanford Research System SR 540� modu-
lated the incident light. The power source was a 450 W xe-
non lamp �Thermo Oriel�.

B. Photopyroelectric and photoacoustic cells

The PPE and photoacoustic �PA� chambers were de-
signed and constructed at The Federal University of Viçosa.
The PPE cell was set up with a silica window above the
PEEK samples. The pyroelectric detector was a 52 �m thick
�-polyvinylidene difluoride �PVDF� film with Ni–Cu elec-
trodes evaporated on both surfaces for electrical contacts,
one of which was painted with a very thin layer of black ink
and was in direct contact with the sample. The values for the
thermal and electrical parameters of PVDF at room tempera-
ture �as provided by the manufacturer� are 3.0
�10−5 C/m2 K for the pyroelectric coefficient, 12 for the
relative dielectric constant, 5.4�10−8 m2/s for the thermal
diffusivity, and 0.13 W/m K for the thermal conductivity.
The heat generated by the absorption of the chopped probe
produces the voltage in the pyroelectric detector, and the
signal is measured by the lock-in amplifier.

The PA cell was set up with a silica front window and
with a silica plate as the backing material. We used a com-
mercially available microphone for the PA detection. It pre-
sented a resonance region for frequencies between �1500
and 3000 Hz with a resonance peak at 2500 Hz. This behav-
ior was verified by a chopper frequency scanning spectrum
using a blackbody sample in the chamber and a 7 mW red
He:Ne laser as a power source.

C. UV–Vis measurements

UV–Vis spectral measurements were carried out with a
Perkin Elmer Lambda 40 spectrometer fitted with a Lab-
sphere RSA-PE-20 integrating sphere accessory. Total trans-
mission spectra were acquired using a diffuse reflection stan-
dard mounted on the reflectance port at an angle of 8° and
with the sample mounted on the transmittance port with the
treated side towards the illumination source. Total reflection
spectra were acquired by mounting samples on the reflec-
tance port at an angle of 8° with the treated side towards the
illumination source. Specular reflection reference scans were
obtained with a front surface aluminum mirror mounted on
the reflectance port. Absorption spectra were calculated from
the transmission and reflection spectra using % absorption
=100%−�% transmission+ % reflection�.

D. Sample preparation

Samples were prepared from PEEK films obtained from
the Goodfellow Corporation. These films have an amorphous
structure and are transparent with a slight amber color. The
untreated PEEK film was cleaned with methanol with no
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further preparation. The nitrogen ion implanted PEEK film
was cleaned with methanol and then attached onto glass mi-
croscope slides with double sided sticky tape for the purpose
of mounting in the ion implanter. The sample was then im-
planted with 50 keV N+ ions to a dose of 1
�1016 ions/cm2 by an IBM Taconic high current ion im-
planter located at the Missouri State University.

Samples were cut into rectangles of �0.8�1.0 cm2. For
PPES, the treated surface of N+ implanted PEEK was placed
in direct contact with the PVDF detector, so that the probe
was incident on the untreated surface, and also measure-
ments were made in the opposite geometry. We utilized a
very thin layer of vacuum grease between the PVDF sensor
and the samples in order to minimize the contact thermal
impedance. From run to run and from sample to sample, we
always used the vacuum grease, so the thermal impedance
was always the same. For PAS, the sample was configured
such that the probe was incident on the ion implanted side. In
this geometry, lower chopping frequencies produce informa-
tion from deeper within the sample.

V. RESULTS AND DISCUSSION

A. Determination of thermal diffusivity of PEEK films

Figures 3 and 4 show the normalized phase Fn�f� as
function of the square root of the chopping frequency for the
untreated and N+ implanted PEEK films, respectively. For

N+ implanted PEEK film, the measurements were done with
the treated face in contact with the pyroelectric sensor. The
thickness of these samples was 113 �m. The data were re-
corded in the saturated region of the PPE spectra, for the case
where the detector is thermally thick ��12 Hz�. The power
source was the Xe lamp passing through the monochromator
fixed at 340 nm. The experimental points for the normalized
phase obey a linear dependence on the square root of the
frequency for frequencies below �80 Hz �see Figs. 3 and 4�.
This means that the fractional term that precedes tan�asLs� in
Eq. �5� is approximately unity in this frequency range. In
fact, this fraction differs from unity by less than 4.2% in that
frequency range when we consider appropriate values for
thermal conductivity and diffusivity coefficients. This per-
mits us to approximate Eq. �5� to the simple relation Fn�
−aSLS. As such, the thermal diffusivity �S is directly ob-
tained from the slope of the fitting curve Fn vs f1/2 �the
continuous line of Figs. 3 and 4�, using the relation aS

= ��f /�S�1/2. Values obtained from this analysis are shown in
Table I.

The �S values of Table I were then used for the Vn�f�
fitting utilizing Eq. �4�, and the thermal conductivity kS be-
came the single adjusted parameter of the results shown in
Figs. 5 and 6 for the untreated and N+ implanted PEEK
films. We have to emphasize that the thermal diffusivity for
ion implanted PEEK in our case is an average value of the
bulk �unimplanted� and surface �implanted�, because our
samples can be thought of as a monolayer system amended

FIG. 3. Experimental points �dots� and line of best fit for the PPE normal-
ized phase of the untreated PEEK film as a function of the chopping fre-
quency of the input Xe lamp irradiation using the monochromator fixed at
340 nm.

FIG. 4. Experimental points �dots� and line of best fit for the PPE normal-
ized phase of the N+ implanted PEEK film as a function of the chopping
frequency of the input Xe lamp irradiation using the monochromator fixed at
340 nm.

TABLE I. Physical parameters of untreated PEEK and N+ ion implanted PEEK.

Untreated PEEK

N+ ion implanted
PEEK �untreated face in

contact with PVDF�

N+ ion implanted
PEEK �treated face

in contact with PVDF�

Ls ��m� 113±5 113±5 113±5
�s �m2/s� �1.9±0.2��10−7 �2.0±0.2��10−7 �2.5±0.2��10−7

ks �W/m K� 0.32±0.1 0.55±0.03 0.65±0.04
cS �J/kg K� �1.3±0.1��103 �2.1±0.2��103 �2.0±0.2��103
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by a very thin layer of implanted region. Note that there is a
difference in the parameters obtained for the N+ ion im-
planted PEEK film with the treated face in contact or not in
contact with the PVDF detector. Table I shows these differ-
ences. This is likely due to the asymmetry in the system �the
implant region is much thinner than the film thickness�. The
specific heat of the sample cS is directly derived from the
relation k=
c�, where 
 is the mass density, valid for a
stationary state. The values of kS and cS found via this analy-
sis are also shown in Table I.

Our value of thermal conductivity for untreated PEEK
sample differs from that given by the PEEK film manufac-
turer by 28% �manufacturer value: 0.25 W/m K�. Likewise,
the specific heat difference was 10% �manufacturer value:
1.45 kJ/kg K�. We believe that these differences can be ex-
plained by variations in the production process leading to
structural and orientational differences between films.1

Figures 7 and 8 show PPE Vn and Fn spectra as a func-
tion of wavelength for the untreated PEEK sample at 20 Hz
chopping frequency. The wavelength range was
250–1250 nm. The inset of Fig. 7 shows the conventional
UV–Vis–near IR optical transmission spectrum of untreated
PEEK film. The PPE signal follows qualitatively the optical
transmission spectrum of the material �i.e., is transmission-
like as predicted�, and saturated for wavelengths below about
350 nm. The signal amplitude increases dramatically in the
region 360	�	430 nm consistent with the primary gap of
the polymer �n−�* of the ketone3�. At wavelengths
�430 nm the UV–Vis optical spectrum is flat and feature-
less. However, the PPE spectrum shows a second gaplike
feature between 660 and 730 nm, which we attribute to a low
level of impurity in the polymer or more likely a low energy
�−�* transition arising from the aromatic moieties.3 The

FIG. 5. Experimental points �dots� and line of best fit �Eq. �4�� for the PPE
normalized voltage of the untreated PEEK film as a function of the chopping
frequency of the input Xe lamp irradiation using the monochromator fixed at
340 nm.

FIG. 6. Experimental points �dots� and line of best fit �Eq. �4�� for the PPE
normalized voltage of the N+ implanted PEEK film as a function of the
chopping frequency of the input Xe lamp irradiation using the monochro-
mator fixed at 340 nm.

FIG. 7. PPE Vn spectrum as a function of wavelength for the untreated
PEEK film at 20 Hz chopping frequency. The dots represent experimental
results and the full line represents the fit �Eq. �3��. The inset shows the
conventional UV–Vis–near IR optical transmission spectrum of untreated
PEEK film.

FIG. 8. PPE Fn spectrum as a function of wavelength of the untreated PEEK
film at 20 Hz chopping frequency.
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absence of the feature in the transmission spectrum is an
indication of how much more sensitive PPS techniques are
than a simple optical measurement.

Figures 9 and 10 show PPE Vn and Fn spectra as a func-
tion of wavelength obtained for N+ ion implanted PEEK
�treated face in contact with the pyroelectric sensor� at 20 Hz
chopping frequency. Once again, the spectra appear trans-
missionlike as expected at this chopping frequency. The inset
of Fig. 9 shows the conventional UV–Vis–near IR optical
transmission spectrum of N+ implanted PEEK film. The ma-
jor difference in the Vn spectrum compared to Fig. 7 is seen
in the region between 430 and 730 nm. The intensity is sig-
nificantly reduced in the ion implanted sample, and the sec-
ond gaplike feature between 660 and 730 nm is very pro-
nounced. In real terms, this indicates that significant
absorption of the probe is occurring below 730 nm. We at-
tribute this to the material of the implant region since one of
the major effects of ion implantation in polymers is to in-
crease the aromaticity in a graphitization process.2 Once

again, the simple optical transmission spectrum does not
contain the detailed information of the PPE spectrum, which
allows us to assign an optical gap to the ion implanted ma-
terial of �730 nm.

The continuous lines fitted to the PPE spectra of Figs. 7
and 9 were obtained from Eq. �3�, obeying the thermally
thick and optically opaque conditions of the pyroelectric de-
tector. The absorption �s��� function was represented by two
Gaussian functions �the minimum required�, centered at 284
and 492 nm, which fitted well to the UV–Vis–near IR trans-
mission spectrum for the untreated and N+ implanted PEEK
samples �see the insets of Figs. 7 and 9�. The thermal quan-
tities �S and kS obtained previously were used as fixed pa-
rameters here and the adjusted values were the intensity, the
linewidth, and the center of the Gaussian functions. The flat
plateau above 730 nm and the small shoulder observed in the
experimental Vn��� spectrum at �1050 nm in Fig. 7 and the
small signal decrease above 880 nm in Fig. 9 are only repro-
duced if a third Gaussian centered at 1450 nm is added to the
�s��� function; otherwise, above 730 nm in Fig. 7 and above
880 nm in Fig. 9, a signal increase is always obtained with-
out a flat plateau. For the untreated PEEK film �Fig. 7�, the
intensity of this third Gaussian is three orders of magnitude
smaller than that at 284 nm and one order of magnitude
smaller than that at 492 nm. It is therefore unsurprisingly not
evident in the conventional optical spectrum. For the N+

PEEK film �Fig. 9�, the intensity of this third Gaussian is two
orders of magnitude smaller than that at 284 nm and only
40% smaller than that at 492 nm. It is therefore observed as
a shoulder at 492 nm and a long tail towards the infrared in
conventional UV–Vis–near IR spectrum �see inset of Fig. 9�.
Despite the fact that these second and third absorption peaks
are much smaller than that at 284 nm, it is surprising that
such a small fraction of absorbed energy causes a relatively
high nonradiative conversion energy and hence PPE signal.
This fact shows the power of the PPE technique over the
others conventionally used for studying these types of mate-
rials.

B. Depth profile analysis of ion implanted PEEK films
using PAS

PA spectra were obtained in the 250	�	1250 nm
wavelength range. For each PAS spectrum in that region, we
used a discrete number of chopper frequencies between 20
and 3500 Hz. Table II presents the thermal diffusion lengths
calculated using Eq. �7� at each chopping frequency for the
untreated and the N+ ion implanted PEEK films. As can be
seen from this table, for all frequencies, the samples were
thermally thick; that is, the thermal diffusion lengths of the
samples were smaller than the thickness of the films. How-
ever, we know that the PA signal arises from deep within the
sample to the external surface �into the illumination direc-
tion�. Thus for higher frequencies, the PA signal corresponds
to profiles closer to the external surface of the films.

Figures 11 and 12 show the spectra for the untreated
PEEK sample and for the N+ implanted PEEK, respectively,
at lower chopping frequencies. Figure 13 shows the spectra
obtained for the implanted sample at higher chopping fre-

FIG. 9. PPE Vn spectrum as a function of wavelength of the N+ implanted
PEEK film at 20 Hz chopping frequency. The inset shows the conventional
UV–Vis–near IR optical transmission spectrum of the N+ implanted PEEK
film.

FIG. 10. PPE Fn spectrum as a function of wavelength of the N+ implanted
PEEK film at 20 Hz chopping frequency.
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quencies, repeating the frequency at 800 Hz for comparison.
PA spectra always present absorptionlike behavior. Note that
the highest frequency spectra �lowest signal-to-noise ratio�
contain a number of lamp features between 800 and
1100 nm, which could not be removed through normaliza-
tion or smoothing. From the spectra of Fig. 11, we can con-
clude that the untreated PEEK sample presents the primary
gap between 295 and 400 nm, as shown in the 20 Hz spec-
trum. The PA signal above a wavelength of 1000 nm, as
shown in the 800 Hz spectrum, represents a greater absorp-
tion near the surface of the film since the sampling depth
decreases as the chopping frequency increases. This behavior
is seen with the implanted PEEK sample at higher frequen-
cies as shown in Figs. 12 and 13. Hence it is not related to
ion implanted process.

Figures 12 and 13 show that the N+ implanted PEEK
sample has another broad absorption band starting at
�460 nm and extending to the near infrared region, and be-
ing more pronounced for higher frequencies. An explanation
for the behavior of these spectra can be the fact that the
thermal diffusion length decreases as chopper frequency in-
creases, i.e., the PA signal is due to the heat produced from
shallower regions in the sample. The effect of the nonim-

planted bulk region is gradually diminished as the chopper
frequency is increased, giving a better representation of the
properties of the thin implanted layer. The band beginning at
�460 nm we believe is therefore related to N+ ion implan-
tation since the untreated PEEK does not show this feature
�Fig. 11�. This assertion agrees with the PPE observations of
a second gaplike feature extending into the near IR in the
transmissionlike spectra of the N+ ion implanted films. In
order to further confirm this hypothesis, we performed a PA
spectral subtraction, i.e., the N+ ion implanted PEEK PA
signal minus the untreated PEEK PA signal. The goal here
was to extract the contribution of the untreated PEEK signal
from the N+ implanted PEEK spectrum. In order to do this,
we used a multiplication factor so that the resulting spectrum
was always positive over the entire wavelength range. Figure
14 shows the resulting subtraction where the multiplication
factor was 0.83, i.e., the untreated PEEK spectrum was mul-
tiplied by this factor before the subtraction. The inset shows
the conventional UV–Vis–near IR optical absorption differ-

FIG. 12. PA spectra of the N+ implanted PEEK film in various lower chop-
ping modulation frequencies. The inset shows the conventional UV–Vis–
near IR optical absorption spectrum of N+ implanted PEEK film.

FIG. 13. PA spectra of the N+ implanted PEEK film in various higher
chopper modulation frequencies including previous 800 Hz frequency for
comparison.

TABLE II. Thermal diffusion lengths calculated using Eq. �7� at each chop-
ping frequency of the PEEK samples.

Frequency
�Hz�

�S ��m�

Untreated
PEEK

N+ ion implanted
PEEK �untreated face
in contact with PVDF�

N+ ion implanted
PEEK �treated face in
contact with PVDF�

20 55 56 63
400 12 13 14
800 8.7 8.9 10

1500 6.3 6.5 7.3
2000 5.5 5.6 6.3
3000 4.5 4.6 5.2

FIG. 11. PA spectra of untreated PEEK film in various lower chopping
modulation frequencies. The inset shows the conventional UV–Vis–near IR
optical absorption spectrum of untreated PEEK film.
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ence spectrum, that is, % absorption of the implanted PEEK
film minus % absorption of untreated PEEK multiplied by
0.83. Thus we can see the broad absorption band beginning
at around 450 nm extending into the near-IR region in both
PA and conventional spectra. As suggested earlier, this broad
absorption band could be due to increased conjugation and
aromaticity of the carbon bonds by ion implantation �the
aforementioned graphitization�, resulting in a lowering of the
band gap energy.3 Hence, the PPE, PA, and depth profiling
analyses are consistent with the formation of impurity bands
within the band gap of PEEK due to ion implantation.

VI. CONCLUSIONS

In this article we have shown that the photothermal tech-
niques �PPES and PAS� are powerful tools for studying the
thermal and optical properties of PEEK films. Our results for
the untreated PEEK agree reasonably with the manufactur-
ers’ reported values, and both the PPE and PAS spectra agree
extremely well with the measured UV–Vis–near IR optical
transmission and absorption. We observed and quantified sig-
nificant changes in the optical and thermal properties of the
PEEK films after implantation. These changes were even
evident considering that the implant region is much thinner
than the total film thickness. The most striking feature of the
study was the emergence of a lower energy second optical
gap �seen as a broad absorption beginning at �490 nm and
extending into the near IR in the ion implanted samples�.
This absorption was further qualified using PAS depth pro-
filing. We attribute this absorption to increased conjugation
and aromaticity in the implant region. This “graphitization
process” has been observed using x-ray photoelectron spec-
troscopy surface analysis,2 and we believe this to be the rea-

son why the electrical conductivity of ion implanted PEEK is
orders of magnitude larger than the native material. Our re-
sults have implications for the design and realization of op-
tical and electrical devices and structures based on ion im-
planted polymers. For example, the increased specific heat
capacity and thermal conductivity of the ion implanted
sample, and additionally, its increased optical absorption in
the near IR mean that effective, low cost near-IR bolometers
could be realized in these materials. Additionally, PPS tech-
niques appear to be effective and sensitive tools in monitor-
ing the effects of implantation in polymers—a fact which
could be used to optimize material properties and enhance
device performance.
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