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Abstract Laser is a promising technique used for bio-

polymer surface modification with micro and/or nano

features. In this work, a 193 nm excimer laser was used for

poly (ethylene terephthalate) (PET) surfaces chemical

patterning. The ablation threshold of the PET film used in

the experiments was 62 mJ/cm2 measured before surface

modification. Surface chemical patterning was performed

by irradiating PET film in a vacuum chamber filled with

ammonia at the flux of 10, 15, 20, 25 ml/min. Roughness

of the surface characterized by profilometry showed that

there were no significant observed change after modifica-

tion comparing original film. But the hydrophilicity of the

surface increased after patterning and a minimum water

contact angle was obtained at the gas flux of 20 ml/min.

FT-IR/ATR results showed the distinct amino absorption

bands presented at 3352 cm-1and 1613 cm-1 after modi-

fication and XPS binding energies of C1s at 285.5 eV and

N1s at 399.0 eV verified the existence of C–N bond for-

mation on the PET film surface. Tof-SIMS ions mapping

used to identify the amine containing fragments corrobo-

rates that amino grafting mainly happened inside the laser

irradiation area of the PET surface. A hypothesized radical

reaction mechanism proposes that the collision between

radicals in ammonia and on the PET surface caused by the

incident laser provokes the grafting of amino groups.

1 Introduction

Surface properties of biopolymers play important roles in

the interaction between cells and biomaterials and influence

the formation of new tissues and organs around biopolymers

[1]. It is reported that cells may react differently to chemical

and topographical biopolymer surface stimulus [2, 3]. Thus,

manipulating of surface patterning, either physically or

chemically, would make a possible to control cells behavior

on biopolymer surface for future clinical therapy [4, 5].

Functionalization of biopolymer surfaces is a feasible,

simple and economical way to achieve this purpose. How-

ever, since most current implanting biopolymers have few

reactive chemical groups on their surface, functionalization

for them are always complicate or impossible.

Polyethylene terephthalate (PET) has been used as car-

diovascular material for long time with the commercial

name of Dacron�. Because of thrombus and inflammations

related to PET surfaces properties, methods from physical

deposition to chemical grafting were studied by many

groups in the past several decades to improve that, such as

low temperature plasma surface treating [6–8], corona

treatment [9–11], micro contact printing [12, 13], ion beam

irradiation [14, 15], self assemble monolayer deposition

[16, 17], and UV irradiation [18–28].

UV photo surface grafting is the most popular method

for PET since the equipment is easy to be assembled.

Chemical groups like carboxyl, [18–20] amino, [21] amide,

[22, 23] N-vinyl-2-pyrrolidone (NVP), [24] acryl acid, [25,

26] chitosan, [27] hydrophilic PEG, [28] were successfully

grafted onto the PET film surface by this method. But since

UV lamp has a wide photon spectrum and poor spatial

coherence, the grafting efficient is low. Furthermore, some

of these experiments [22–26] take place in monomer

solution adsorbing undesired remnants of photoinitiators
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and homopolymerized polymers [18–22, 27, 28] A prom-

ising alternative is using UV lasers with higher chemical

selectivity due to their monochromaticity. Other merits of

UV laser are fast and direct writing due to its high intensity

and spatial confinement.

Lasers are nowadays powerful industrial tool that are

widely used to cut from steel to human tissue and to pattern

the surface morphology with precise controlled features.

Recently, it has been demonstrated that there are certain

chemical modifications happened when physical patterning

of polymers is performed. [29–32] In fact, during many

polymer ablation experiments, the laser activated surface

reacts with the surrounding air improving surface hydro-

philicity and biocompatibility [29–32].

Following the idea and method of UV lamp irradiation,

laser irradiation was used to graft hydroxyethyl methac-

rylate (HEMA) [33], acrylic acid (AAc) [34–36] and

acrylic amide (AAm) [37, 38] onto PET and PP surface

through the reaction of laser actived surface with heated

monomer solution. However, this complicate reaction is

influenced by the solutions and not suitable for fabricating

a surface with micro or nano surface chemical features.

In this paper, we proposed and studied a directed

UV-laser grafting method for amino surface pattern

through the reaction between the dissociated NH2 radical

and the laser activated surface of PET. The PET surface

before and after modification was characterized and the

grafting mechanism was hypothesized in this paper.

2 Materials and methods

2.1 Materials and laser

PET film with 100 lm thickness was purchased from

Esselte. The films were cut into 2 9 2 cm2 squares and

ultrasonic cleaned 10 min in analytic grade methanol,

benzene and isopropanol solvent (Sigma Aldrich), respec-

tively and ambient dried in a laminar flow cabinet.

The excimer laser is a Lambda Physik LPX220i ArF

laser with pulse duration of 20 ns and a wavelength of

193 nm. The frequency was set to 20 Hz and the energy

calibrated by an energy meter (Oriel 70260). The output

laser beam was focalized through a rectangular plano-

convex lens on the polymer surface placed perpendicular to

the incident beam.

2.2 Methods

2.2.1 Surface modification

PET film surface ablation was directly performed in air in

order to assess the ablation threshold at air pressure. In the

grafting experiments, PET was fixed onto a stage inside a

vacuum reaction chamber with a position perpendicular to

laser beam. The ammonia (UCAR, electronic grade NH3)

fluxes were controlled by a Bronkhorst F-201D mass flow

controller. Pressure was monitored by a capacitance MKS

122B Baratron. The incident energy was adjusted to ensure

that no ablation plume could be seen from the PET surface

with the ammonia flux at 10 ml/min. This adjusted energy

measured before the vacuum window was 20 mJ, a value

far below the ablation threshold in air. The distance

between the vacuum window and the PET film was 16 cm.

The PET film was irradiated for 40 s with the ammonia

flux (partial pressure) at 10 (133 Pa), 15 (159.6 Pa), 20

(186.2 Pa) and 25 ml/min (212.8 Pa), respectively.

2.2.2 Profilometry measurement

A surface profilometer (DEKTAK3ST, Veeco) was used to

measure the surface roughness and the crater depth after

ablation. For the surface roughness determination, the

stylus was linearly scanned with soft touch mode both

inside and outside the irradiated area over a length of

2000 lm. The horizontal resolution was 1 lm/sample

point. Roughness (Ra) values were automatically calcu-

lated by the equipment software.

2.2.3 Water contact angle

Static water contact angle measurements were carried out by

the water contact meter equipped with CCD detector, dosing

control system and related software (CA10?OCA20,

Dataphysics). Sessile drop method was used with precisely

controlled dosing water volume of 1 ll every time. Mea-

sured contact angles were the mean value ± standard error

(SE) of five measurements on different parts inside the

irradiated spot.

2.2.4 FT-IR/ATR analysis

Infrared spectra were collected using a FT-IR spectrometer

(Nicolet 670, Thermo) equipped with the attenuated total

reflection (ATR) accessory (IRE: germanium) and a mer-

cury cadmium telluride (MTC) detector. 128 scans were

collected between 3600 cm-1 and 600 cm-1 at 1 cm-1

resolution inside and outside the modified spot to obtain the

chemical map of the irradiated sample.

2.2.5 XPS analysis

The XPS measurements were carried out using an VG

Escalab 250 iXL ESCA instrument (VG Scientific),

equipped with a X-ray source providing aluminum Ka1,2

monochromatized radiation at 1486.92 eV. Photoelectrons
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were collected from a take off angle of 90� relative to the

sample surface. The measurements were done in a Constant

Analyser Energy mode (CAE) with a 100 eV pass energy

for survey spectra and 20 eV pass energy for high resolu-

tion spectra. Surface charge was neutralized and charge

referencing was done by setting the lower binding energy

C1s hydrocarbon peak at 285.0 eV. Surface elemental

composition was determined using the standard Scofield

photoemission cross sections.

2.2.6 Tof-SIMS analysis

The mass spectra of the samples were recorded on a TOF-

SIMS IV instrument from Ion-Tof GmbH. The sample was

bombarded with a pulsed Gallium ion beam. The secondary

ions generated were extracted with a 10 kV voltage and

their time of flight from the sample to the detector was

measured in a reflection mass spectrometer. Analysis

conditions for this work were: 25 keV pulsed Ga? beam

at 45� incident, rastered over 500 9 500 lm. Electron

flood gun charge compensation was necessary during

measurements.

3 Results and discussion

3.1 Calculation of reaction parameters

Table 1 shows the parameters used for the laser irradiation

experiments. Since the experiments were performed inside

the vacuum chamber, parameters must be corrected

according to the vacuum degree. The nominal ammonia

gas flow speed Vammonia
corrected between pulses, ammonia con-

centration Cammonia and the number of the photons arriving

to the polymer surface were calculated according to the

following equations, respectively. The ammonia was sup-

posed to behave as an ideal gas.

Vammonia
corrected ¼

PgaugeQgauge

PS
ð1Þ

Cammonia ¼
P

RT
ð2Þ

Nphotons ¼
I

hv
¼ I0

hm
e�nrt ¼ I0k

hc
e�

NAV Prt

RT ð3Þ

whereby Pgauge is the pressure used for the flux meter

calibration, Qgauge is the ammonia flux read from the flux

meter, P is the chamber working pressure, I0 is the incident

laser energy, S is the cross section area of the vacuum

chamber, k is the laser wavelength, t is the distance from

the chamber window to the sample surface, r is the

ammonia absorption cross section at 193 nm (1E-17 cm2)

[39], h is the Planck constant, NAV is the Avogadro con-

stant, c is light speed, R is 8.314 kJ/mol and T here is the

temperature (293.15 K).

In this experiment, the nominal ammonia flow speed,

vacuum chamber pressure and the ammonia concentration

in the chamber all increased with the rising of ammonia

fluxes. The photon numbers arriving to the matrix surface

decreased with increasing ammonia flux.

The maximum nominal flow speed of the ammonia

calculated in the vacuum chamber is 135 lm/50 ms, far

lower than the irregular Brownian movement of the gas

molecules. So the ammonia gas filled the entire chamber in

the experiment according to this result. This basic idea was

used to calculate the ammonia concentration in the

chamber.

3.2 Ablation threshold

The onset of polymer laser ablation is caused by photon

energy absorbing photochemically and photothermally.

The ablation rate in air (Dd) versus the logarithms of the

incident fluence (F0) was plotted in Fig. 1. The ablation

threshold and the absorption coefficient of the material

were calculated from Fig. 1 as the Ref. [40]. The extrap-

olated fluence at zero ablation rate, also known as ablation

threshold (Ft) can be assessed in our experiment to be

62 mJ/cm2 and the calculated absorption coefficient to be

5.6 lm-1. These values are slightly different from those

obtained in Ref. [41]. This could be the reason attributed to

their shorter pulse length and different PET purchased from

other providers.

In the surface chemical modification, since the grafted

groups would be removed by the ablation, it is important to

keep the fluence under the ablation threshold to avoid

possible removal of polymer molecules and/or grafted

groups from the surface. Therefore, the surface grafting

Table 1 Parameters of the laser

irradiation grafting
Flux(Qgauge)

(ml/min)

Vammonia
corrected

(lm/50 ms)

PVacuum

(Pa)

Cammonia

(mol/m3)

Nphotons

A 10 85 133 5.46E-2 2.3713E20

B 15 105 159.6 6.55E-2 9.76735E19

C 20 125 186.2 7.64E-2 4.02316E19

D 25 135 212.8 8.73E-2 1.65714E19
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experiments were performed at a relative lower fluence of

30 mJ/cm2. It is important to remind that the ablation

experiments were done in air but not in the ammonia

reactive gas used for chemical grafting.

3.3 Surface water contact angle and roughness

Figure 2 shows the influence of the ammonia flux on the

water contact angle and surface roughness. The water

contact angle decreased with the increasing ammonia flux

and obtained its minimum value at a flux of 20 ml/min. No

significant change of surface roughness could be observed

after laser irradiation in all ammonia fluxes.

Water contact angle can be easily used to check the

possible change of the surface caused chemically or/and

physically. Since the surface roughness did not change in

all the experiments, the decreasing of the water contact

angle must be mainly caused by the surface chemical

change. The lower water contact angle implies that more

hydrophilic molecules were grafted onto the PET surface

after laser irradiation in ammonia gas.

In this research, the grafting of hydrophilic molecules

could be the result of reactions between ammonia gas

radicals and polymer surface radicals caused by photon

dissociation.

The energy of 193 nm photons and the main chemical

bonds of PET are displayed in Fig. 3. The energy of the

photon is higher than most chemical bonds except the

aromatic hydrogen and carboxyl bonds. This enables each

photon to decompose those lower energetic bonds through

single photon absorption. Taking into account the high

density of photons in laser processing, the higher energy

bonds can be broken through multiphoton absorption.

Reactions will then occur between the photon activated

surface groups and the ambient species or between active

groups themselves. Moreover, ammonia has a strong

capability to absorb the 193 nm laser photons and to

decompose into NH2
• and H• radicals [39]. NH2

• radicals

reaction with the PET surface radicals could be the main

reason for the improvement of the hydrophilicity of the

surface obtained in this experiment. On the other hand, this

effect might be strengthened due to the reactions of the H•

radicals with the remaining NH3
• molecules producing

additional NH2
• radicals and H2

• as well as with the ori-

ginal PET surfaces stripping H atoms an forming PET• and

H2 molecules.

By increasing the flux, i.e. increasing the pressure and

concentration, the photon absorption in the gas increased.

This made a reduction of the incident photons arriving PET

surface (Table 1). Thus, at higher gas flux, more radicals

are produced in the gas and less radicals are excited on the

surface. Proper gas flux seems to balance the radicals for-

mation in gas and on matrix surface to achieve the best

Fig. 1 Ablation rate versus laser incident fluence for PET in air

Fig. 2 Influence of ammonia flux on water contact angle and surface

roughness Fig. 3 Energy of 193 nm photon and main chemical bonds in PET
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hydrophilicity and the maximum grafting ratio, which

appears at 20 ml/min.

3.4 FT-IR/ATR analysis

The spectra of PET before and after modification in dif-

ferent ammonia flux were obtained by FT-IR/ATR shown

in Fig. 4. Before modification, absorption bands belonging

to different C–H bonds were found. Those bands were at

3060 cm-1 belonging to phenyl C–H stretching vibration,

at 2926 cm-1, 2847 cm-1 and 1473 cm-1 assigned to the

asymmetric, anti-asymmetric stretching, vibration and the

scissors bending vibration of –CH2–, and at 2962 cm-1

belonging to –CH3 the asymmetric vibration [42]. After

modification, almost all of them decreased or disappeared

except the –CH3 absorption band. Furthermore, new

absorption bands at 3352 cm-1 and 1613 cm-1 assigned to

the distinct stretching vibration and scissors bending

vibration of –NH2 appeared in the spectra demonstrating

that –NH2 was grafted onto the surface after irradiation

[43, 44].

The decreasing of –CH2– and phenyl C–H bands implies

that de-hydrogen reactions happened at those aromatic and

aliphatic sites. These de-hydrogenated carbon atoms could

be the reaction centers for the grafting of –NH2 in ammonia

gas. The amino groups should therefore graft onto both

aromatic and aliphatic segments.

Methyl group absorption (2962 cm-1) without signifi-

cant intensity change was observed in FT-IR/ATR before

and after laser irradiation. This is due to the residual methyl

in the original PET and those by products after laser pro-

cessing. During that processing, the main chain breaking in

PET can produce the –CH2
• radicals. These radicals might

react with the H• radicals produced in the ammonia gas and

result in the formation of a new terminate methyl group in

PET. If the reaction radicals in the gas are NH2
• instead of

H•, the amino would be the terminate group in PET.

3.5 XPS analysis

Figure 5 displays the spectra of PET film surface after

modification. In this figure, binding energy of C1s, N1s and

O1s presented at 284.98, 399.00 and 532.00 eV respec-

tively [45]. PET doesn’t contain nitrogen molecular

theoretically. The nitrogen displayed in this figure therefore

was introduced by the laser processing in ammonia

atmosphere.

XPS atomic composition of the modified PET film

surface was shown in Table 2. It displays that the C1s

increased and O1s as well as O/C decreased with decreasing

of ammonia flux. On the other hand, the N1s and N/C ratio

increased with increasing of the flux, reaching its maxi-

mum value at flux of 20 ml/min.

XPS is a sensitive surface characterization method used

to get important chemical information of the materials

surface in a depth of several tenths of nanometers and the

quantificational data can be used to compare the chemical

composition changes on the surface. The increasing of C1s

and decreasing of O1s suggested that a decarbonylation

might happen during PET modification in ammonia gas.

This phenomenon is quite similar to that reported in PET

ablation in He gas where decarbonylation is the predomi-

nant detected phenomenon [41, 46]. That means in this

process, small molecules like CO2, CO were extracted from

Fig. 4 FT-IR/ATR spectra of PET film surface in different ammonia

flux condition

Fig. 5 XPS spectrum of PET after 193 nm laser irradiation in

ammonia gaseous

Table 2 Atom percentage and relative ratio after modification

Ammonia flux C1s O1s O/C N1s N/C

Original 71.4 28.6 0.401

25 ml/min 72.8 23.4 0.321 3.8 0.0525

20 ml/min 73.5 22.1 0.301 4.4 0.0600

15 ml/min 79.1 18.0 0.227 2.9 0.0367

10 ml/min 79.8 17.2 0.216 3.0 0.0376
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the PET surface causing the formation of the terminate free

radicals on the surface.

The maximum N1s and N/C were observed at ammonia

flux of 20 ml/min, the same flux that produced a minimum

water contact angle (Fig. 1). This is again an indication that

a balance between the activated radicals on the PET sur-

face and in the ammonia gas occurs, as explained before.

The types of different chemical bonds after the modifi-

cation could be determined by high resolution C1s and N1s

XPS spectra as those displayed in Fig. 6. The C1s peak for

the modified PET film was resolved into five main com-

ponent peaks of different carbon types: Hydrocarbon or

carbon bond (C–H/C–C) at 284.8 eV, carbonyl carbon

(–C–O–) at 288.5 eV, ether carbon (–C=O) at 286.7 eV,

aliphatic amine carbon (–C–N–) at 285.5 eV and aromatic

amine carbon at 283.9 eV [47–49]. The N1s peak could

also be resolved into two different nitrogen types, the

amine nitrogen connected to the PET aromatic and the

aliphatic segments, displayed at 398.9 eV and 401.2 eV,

respectively [50–52]. The C–N bond energy corresponds to

the amine groups grafted onto the two possible aromatic

and aliphatic carbon sites as also deduced from the FT-IR/

ATR results.

Table 3 displayed the calculated peak areas of resolved

C–N bonds curve in C1s and N1s high resolution XPS

spectra. The maximum values were found again at a flux of

20 ml/min. The difference between the maximum and

minimum area (A20–A10) obtained with samples modified

using 20 ml/min and 10 ml/min, displayed that the C–N

grafting on aromatic segments was more influenced by the

ammonia flux than the grafting on aliphatic segments.

Since the breaking of the phenyl C–H bond was possibly

caused by a multi photon absorption mechanism, the result

suggest that the ammonia gas absorption would more likely

influence the multi photon activation of the molecular

chemical bonds. This fact could be used to selectively

activate the chemical bond in a controlled mode.

3.6 Tof-SIMS analysis

The amino grafted PET was also characterized by Tof-SIMS

as those shown in Fig. 7. The positive Tof-SIMS spectra of

Fig. 6 High resolution binding energy of C1s and N1s of treated PET

in ammonia atmosphere

Table 3 Area calculation of fitted line in high resolution C1s and N1s spectra of XPS

Ammonia flux Aliphatic Aromatic

C–N (285.5 eV) C–N (401.2 eV) C–N (283.9 eV) C–N (398.9 eV)

25 ml/min 379.06 11.835 215.08 43.677

20 ml/min 422.66 36.364 261.56 66.408

15 ml/min 350.14 32.874 103.82 32.043

10 ml/min 318.68 9.948 91.535 26.478

A20–A10 103.98 26.416 170.025 39.93

Fig. 7 Positive Tof-SIMS spectrum of PET after modification
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the treated PET showed the major peaks at: M/Z 29/30,

43/44, 59/60, 69/70, which were assigned to CH(NH2)?/

CH(NH2)?, CH2CH(NH2)?/CH2CH(NH2)?, OCH(NH2)?/

OCH2(NH2)? and OCH2CH(NH2)?/OCH(NH2)CH2
?/OCH2

(NH2)CH2
?/OCH2CH2(NH2)?, respectively. These frag-

ments could come from the amine grafted aliphatic PET

segments. M/Z peaks at 28, 40/41, 53/54, 65/66, 78/79/80

and 91/92 were assigned to C(NH2)?, C(NH2)C?/C(NH2)

CH?, C(NH2)CHC?/CC(NH2)CH?, CC(NH2)CHC?/C(NH2)

CHCCH?, C(NH2)CHCCHCH?/CC(NH2)CHCCH?/C(NH2)

CHCHCHCH?, C(NH2)CHCCHCHC?/C(NH2)CHCCHC

HCH?, which could come from the amine grafted aromatic

PET segments. A Tof-SIMS spectrum contains the chemical

information of only several nanometers depth and precisely

represents the surface chemical structure. The results clearly

indicate that the amino groups were grafted on to the polymer

molecules both on the aromatic and aliphatic segments.

Tof-SIMS mapping was performed in an area of a

500 9 500 lm2 square for analyzing both the irradiated

and unirradiated surfaces, as displayed in Fig. 8. Through

surface scanning and collecting the specific fragments ions

from the surface, local surface chemistry maps were

visualized and used to distinguish the difference between

the modified and un-modified part on the surface. The

amine containing fragments with the specific mass M/Z:

69, 91 were chosen as the mapping ions. The maps showed

the expected border line in the middle of the image, clearly

separating the modified and unmodified areas. Only the

irradiated and modified area (right part) contains the ions

used for mapping as that can be distinguished from the

significant color difference between two parts.

Figure 8 also evidences that the surface grafting mainly

happened inside the irradiated area. Although free radicals

Fig. 8 Tof-SIMS positive fragments mapping of modified PET (right

part was modified)
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Scheme 1 Mechanism of laser induced amino grafting
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produced in the ammonia gas have the potential and pos-

sibility to initiate the hydrogen abstraction from the

polymer molecule and to form radicals on the surface, this

mechanism seems to be less important. The main reason

for the surface chemical grafting seems to be the laser

activation of both, the surface and the ammonia gas.

3.7 Mechanism of laser induced grafting

Scheme 1 shows a possible reaction mechanism, radicals in

ammonia gas and on PET surface are excited by single or

multiple laser photon absorption. The ammonia radicals

impact on the PET film surface and react with radicals on

the film resulting in the amino groups grafting.

The absorbed photons in the PET caused two types of

bond breaking phenomena, Norrish type I and II [53]. In

Norrish type II, the main molecular chain C–C and C–O

bonds are broken, while in Norrish type I, both C–H at

aromatic and aliphatic parts are decomposed. As reported

in the literature, Norish type I decomposition easily hap-

pens during low energy irradiation [41]. Therefore, the

amino group could have more possibility to be grafted as

the pendant group when low energy irradiation is used. In

the same procedure, hydrogen radicals’ collision with the

radicals on the polymer surface can be considered as a

competitive side reaction which will influence the amine

grafting.

4 Conclusion

Different ammonia fluxes during the laser irradiation pro-

cessing have been investigated with respect to their

influence on the amine grafting efficiency. All the results

showed that the amino groups were successfully grafted

onto the PET film surface inside the irradiated area. We

attribute this to the radical reaction caused by the laser

decomposed ammonia radicals and those on the PET film

surface, allowing the subsequent introduction of amino

groups.

To adjust proper ammonia flux is important for bal-

ancing the radical production between ammonia and PET

film surface and for getting the highest amino grafting

ratio. Higher flux and lower flux will decrease the radicals

produced on the film surface and in the ammonia atmo-

sphere, respectively and thus reduce the amino grafting.

The surface modification of PET with reactive chemical

covalent amine bonds is very attractive and highly desir-

able for biomedical applications. Using Laser as an

alternative tool can provide selective surface grafting in

areas without using any contact photo masks. This provides

a versatile and simple tool for the biopolymers surface

chemical mapping.

Combining the surface morphology patterning and

chemical mapping together, laser irradiation may be an

economical technique to fabricate an ideal biosurface with

micro or nano features by the same machine and even in

one single processing step. This makes laser a promising

tool in the biopolymer surface modification in the future.
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