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Changes in diameters and depths of pores were studied in the process of etching
polyethyleneterephthalate films irradiated with Ar ions having the energy of 1 MeV/n.
Information about the pore diameters and lengths was obtained with electron microscopy
methods. 0.5 N and 2 N solutions of NaOH were used as etchants. Etching was performed
at 55 and 70°C. Two methods of sensitization were used: the first one by UV illumination
and treating in dimethylformamide, the second method just by in UV illumination. It was
found that diameters and depths of pores are larger in films treated according to the first
sensitization method. Etching duration (breakthrough time) which leads to through-going
pores of the minimal radius was established. After sensitization according to the first
method the track etch rate grows quicker than the transverse etch rate. This gives a
possibility to obtain through pores with diameters ranging from 50 nm to several mi-
crometers.

MerogamMu 9I€KTPOHHON MHKPOCKOIUU MCCJIEZOBAHBI M3MEHEHUS AuaMeTpa U IJyOMHBI
IIop B IIpollecce TPABJEHHUS IOJUITUICHTepe(TAJaTHLIX IIJIEHOK, OOJyYeHHBIX MoHamMu Ar ¢
sueprueit 1 MeV/n. B kauectse tpaBuresns ucnoibsoBansl 0.5 N u 2 N pacrsopsr NaOH npu
55°C u 70°C. IIpomecc TpaB/ieHHs YCKOPAJCS CeHCUOMJIM3anuyell, KOTOpas B3aKJI04alach
aubo B obayuenuum MiaeHOK Y® u Boigep:kke B mumeruiadopmamuze (IMP) — mepsorit
PeXuM CeHCHOMJIM3alUuu, JUOO0 — TOJBKO B 00ayueHnrn Y@ — BTOPOU PEKHUM CeHCHOMIM3a-
nuu. YCTAHOBJIEHO, UTO AUAMETP U IJayOmHA I0p OoJibille B IJIEHKAX, 00pabOTAHHBIX IIO
IIEPBOMY PeKUMY ceHcubumamsanuu. VsmepeHo BpeMs TpaBieHHUs (BpeMs IIPOPBIBA), HEOOXO-
auMoe naasi (pOpMUPOBAHUA CKBOBHBIX IIOP MHHUMAJBHOTO paauyca. BBIIIOJHEHBI OIEeHKU
NUHEeHHON M paguaJbHONM CKOpPOCTEH TpAaBJIE€HUSA IIOP. ¥YCTAHOBJIEHO, YTO IIOocje 00paboTKu
OM® nuneiiHasg CKOPOCTH TPABJIEHHUS IIOP yBEJIMYMBAETCS SHAUMTEJHbHO OOJIbIIE, YEeM Pagu-
ajgpHasi. OTO JaeT BOSMOKHOCTh IIOJYydYaTh CKBO3HBIE IIOPHI AuameTrpoMm >50 HM.
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Track-etched membranes are unique fil-
ters because these filters have a system of
through pores (parallel or nonparallel) rang-
ing from micrometers to sub-micrometers in
diameter. These pores can be shaped as cyl-
inders, tapers or something. The track
membranes have wide applications for the
finest filtration which is impossible with
other types of filters. Conventionally, for
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track-etched membrane production high en-
ergy heavy ions are used: they produce suf-
ficient radiation damages in tracks provid-
ing the etching rate along the tracks v,
(track etch rate) were much higher than
transverse (i.e. radial) etching rate v,.. With
v; >>v,. it is possible to obtain through-
going pores of rather small diameters. For
instance, with etching tracks of Xe ions
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having the energy of 1 MeV/n in PET films
through pores >10 nm in diameter were ob-
tained [1, 2]. It is believed that lighter ions
such as Ar ions cannot be used for obtaining
through pores in polyyeethylene-terephtha-
late (PET) films <0.1 pm in diameter [3-5].
Radiation damages in the core of these
tracks are not sufficient to fulfill the condi-
tion v; >> v, which is required for etching
through pores of a regular cylindrical shape
and small in diameter. Our experiments
have shown that the proper choice of sensi-
tization conditions allows to increase track
etch rate of Ar tracks in PET films signifi-
cantly and to obtain through-going pores
<0.1 pm in diameter [6, 7].

The goal of this work was further inves-
tigation of sensitization methods and condi-
tions of etching Ar ion tracks in PET films
for obtaining through pores of small diame-
ters. In order to obtain cylindrical pores,
the ratio between the track etch rate v, and
the bulk etch rate v, should be as high as
possible. Comparison of the data from lit-
erature and our data allows us to expect
that v;/v, ratio would be the maximal in the
case of etching Ar ion tracks in an weak
etchant. In such etchant the bulk etch rate
is negligibly low, and pore sizes would be
mainly defined by etching only the damaged
area of tracks. In this work we studied the
initial stage of the pore formation in PET
films irradiated by Ar ions in the course of
etching in 0.5 N and 2 N solutions of
NaOH. The distinctive feature of our ex-
periments is the information about pore
depths and diameters obtained by measuring
of these parameters directly by electron mi-
croscopes. In most part of works this infor-
mation was obtained indirectly (conduc-
tometric technique or bubble method [8—
12]). At high irradiation doses the
information obtained by these methods
would be distorted due to presence the over-
lapped pores and the fact that not all the
pores become through- going simultane-
ously. The method we have used allowed to
measure pore depths on the cross sections of
films and diameters of only separated
through-going pores on the film surface
without considering the overlapped pores.

PET films (Lavsan) 6 pm thick were irra-
diated with accelerated Ar3* ions with the
energy of 1 MeV/n at the MILAC heavy ion
linear accelerator [13,14]. The fluence cor-
responded to the track density of 107—
5:108 cm~2. All samples were exposed to ul-
traviolet light in the air at a special optical
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system with several mercury lamps and
glass filters (Department of Optics, Kharkiv
National University), which made possible
to select the necessary wave range for irra-
diation. The light was filtered in a way that
the light flux has the maximum illumina-
tion in the wavelength range 320-360 nm.
The intensity of UV illumination was
~1015 quanta-em2-s71. All samples were il-
luminated with UV for 6 h. With such du-
ration of illumination the maximum degree
of radiation damage in ion tracks is pro-
vided [4,5]. As a solvent the dymethylfor-
mamide (DMF) was chosen. This solvent no-
ticeably increased the track etching rate
[15—-19]. Before etching, a half of samples
were soaked in DMF for 15 minutes at the
room temperature. The soaking was con-
ducted by immersing the samples in the
DMF solution. After DMF treatment the
samples were dried out with filtering paper.
As the etchant 0.5 N and 2 N solutions of
NaOH were used, and the etching was car-
ried out at 55°C and 70°C. For examining
the dependence of the pore diameters on the
etching duration two samples were etched
simultaneously during the same etching pe-
riod: one was illuminated with UV and
treated with DMF (first mode of sensitiza-
tion), the other was just UV illuminated
(second mode of sensitization). Pores in the
bulk and on the surface of films were stud-
ied by scanning (SEM, JSM-840) and trans-
mission (TEM-125) electron microscopes.
For investigation of pores in the bulk of
films the etched samples were cleaved in
liguid nitrogen. The pore lengths on the
cross-section of the film were measured.
The duration of etching after which the
pores become through (similarly to [1]) we
will denote as breakthrough time. In order
to find the breakthrough time we etched a
large number of samples simultaneously re-
moving them in turns one by one with the
interval of 5 minutes (for 0.5 N etchant)
and 3 minutes (for 2 N etchant). The pore
diameters were measured on the film sur-
face by TEM (with shadow replica method).
The replicas were prepared in the following
way. In vacuum of 1073 Pa, a gold was de-
posited at an angle of 10° with respect to
the sample surface. The deposited gold
formed an island film characterized by is-
lands of radius and separation 5 nm. In the
area of pores gold was absent as it caved
into the pores. Finally, a carbon layer of
40 nm thickness was deposited on the film
surface. The carbon layer together with the
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Fig.1. Pores in the cross sections of PET films that were etched in 0.5 N solution of NaOH at 55°C
for 2.5h (a, d), 3.5h (b, e) and 3.75h (¢, f). The upper row — UV sensitization, the lower row —

sensitization with UV and DMF.

gold islands was peeled from PET film sur-
face and examined by TEM.

For both modes of sensitization, the de-
pendence of pore diameters on the film sur-
face and their length on the cross sections
on the etching duration was studied. It was
found that under same conditions of etching
the pore diameter is larger in samples
which were soaked in DMF. We present the
results obtained in the course of film etch-
ing in 0.5 N u 2 N etchants separately.
Pores on the cross-section of the films de-
pending on the sensitization method and
etching duration at 55°C are shown in Fig.
1. The pores are seen as dashes perpendicu-
lar to surfaces. It is seen that with each
etching duration the pore length is larger in
the samples treated with DMF (first mode
of sensitization). After etching for 2.5 h, in
UV irradiated samples the pores were
etched only near the surfaces (Fig. la,
upper row). With the same etching duration
in the samples soaked in DMF the pores
were etched by one third of the film thick-
ness (Fig. 1d, lower row). After etching for
3.45 h, in samples soaked in DMF through-
going pores were etched (Fig. 1f, lower
row); without DMF treatment in the middle
of the cross section area a non-etched area
remained (Fig. lc, upper row).

We found that at 55°C the breakthrough
time for the first sensitization mode was
(200+£10) min, and for the second one —
(270+10) min. Knowing the breakthrough
time we can evaluate the track etch rate for
both sensitization conditions. We think that
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Fig.2. Dependence of the pore length at the
cross sections of PET films on the etching
duration and sensitization method: I — UV
and DMF, 2 — sensitization with UV only.

for this time the tracks were etched by a
half of the film thickness. It appeared that
for the first sensitization mode this rate is
15 nm/min, and for the second —
11 nm/min. For both sensitization modes
the data on pore lengths are given in Fig. 2.
It is seen that the etch rate is almost
1.5 time larger in the samples treated with
DMF. Such influence of DMF on the etch
rate of Ar ion tracks is much less than that
observed in [15] where treatment with DMF
increased the etch rate of Ar ion tracks in
polyester by the factor of 87. This differ-
ence can be caused by the following reasons:
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Fig.3. Pores in the cross sections and the sur-
faces of PET films that were etched in 0.5 N
solution of NaOH for 2.5h: (a) — the film
was etched after the first sensitization mode,
(b) — after the second sensitization mode.

in [15] the energy of Ar ions was signifi-
cantly higher than 1 MeV/u which leads to
high energy losses, that is, to higher dam-
age in the track zone. In [15] treatment
with DMF was performed at higher tem-
perature and etching was carried out in
more concentrated etchant. Besides that,
the etch rate depends on the polymer struc-
ture (density, admixtures, porosity etc).
The structural difference of the film can

Fig.4. Membranes obtained by etching the PET

films in 2 N solution of NaOH for 20min (a) and
40min (b) after the first sensitization mode.

also change the etching rate. In [15] it was
not indicated which kind of polyester was
studied.

The average pore diameter was calculated
by averaging diameters of no less than
50 pores on the film surface. Information
about the pore diameters depending on du-
ration and temperature of etching is sum-
marized in Table 1(diameters of through-
going pores are given in bold). It is seen
that for all etching durations the pore di-
ameters are larger in samples treated ac-

Table 1. Dependence of the pore diameters (d) on the sensitization mode, temperature (T) and

etching duration (¢) in solutions of NaOH

T = 55°C; 0.5 N, of NaOH
t, min 210 255 270
d, nm (UV, DMF) 65 + 10 75 + 10 110 + 10 130 + 10
d, nm (UV) 40+10 50+10 80+10 100£10
T = 70°C; 2 N, of NaOH
¢, min 130 150 180 210 240 270 300
d, nm 40£10 50+10 70+10 120+10 200+20 270+20 350+20
(UV, DMF)
d, nm (UV) 40+10 50%10 80+10 120+20 180+20 220+20
55°C; 0.5 N, of NaOH
¢, min 30 50 90 120 240
d, nm 7020 110+20 170+20 230+20 300130 520+30
(UV, DMF)
d, nm (UV) 6020 80+20 130+20 190430 400£30
70°C, 2 N; of NaOH
¢, min 15 25 35 45 60 120 150
d, nm 60220 100+20 200+20 250+30 300+30 480+30 530130
(UV, DMF)
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Fig.5. Dependences of the pore diameters on the sensitization mode, duration and temperature of
etching in 0.5 N solution of NaOH (a) and 2 N solution of NaOH (b). White dots corresponds to not
through pores; I — 55 °C, UV, DMF; 2 - 55 °C, UV; 3 — 70 °C, UV, DMF; 4 — 70 °C, UV.

cording to first sensitization mode. In-
creasement of the etching temperature to
70°C allowed obtaining through-going pores
of smaller sizes than those of the pores ob-
tained at 55°C. In Fig. 3 pores at the cross
sections and surfaces of films etched in the
same etchant are given. It is seen that in
the sample treated with DMF through pores
were formed (Fig. 3a). In the sample that
was not treated with DMF the untreated
area remains in the middle of the cross sec-
tion (Fig. 3b). It is seen that pore diameters
are larger in the sample treated according
to the first method of sensitization. All the
pores are round in shape. Their diameters
are (b0£10) nm in the case of the first sen-

sitization mode and (40£10) nm in the sec-
ond. However, the pores in the sample that
was not treated in DMF are not through
(Fig. 3b).

It was found that in 2 N etchant the rate
of etching through-going pores is much
larger than in 0.5 N etchant. In the films
treated according to the first sensitization
mode through pores 60+20 nm in diameter
are etched for 15 minutes at 70°C. Without
DMF treatment through pores are formed
only after etching for 30 minutes. In Fig.
4(a, b) pores at the cross sections and sur-
faces of the films treated according to the
first sensitization mode and etched for 20
minutes (a) and 40 minutes (b) at 70°C are
shown. The average pore diameter in these
films appeared to be 55 nm (Fig. 4a) and
170 nm (Fig. 4b). It is clearly seen that the
pores have a regular round shape and the
same diameter through the total bulk of the
film. It is seen that with the same etching
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duration pores are almost twice as large in
the case of etching at 70°C (Table 1).

Let us compare our data on etching of Ar
ion tracks with the data on etching tracks
of heavier ions [1]. In [1] PET films were
irradiated with different heavy ions, and in-
formation about pore diameters were obtained
by measuring electric conductance of the
samples in the course of etching in 0.1 N
solution of NaOH at 80°C. Authors observed
three stages of etching. The first stage cor-
responds to etching the track core. At this
stage the track core 10—15 nm in diameter
is etched through. The highly damaged
track core manifests itself on the etching
curve as a sharp increase in the pore diame-
ter. The second stage corresponds to etching
the track halo — area surrounding the
track core. In the track halo the etching
proceeds at a rate that slowly increases ap-
proaching a constant value at large radii.
Then the third stage begins that corre-
sponds to etching undamaged polymer
where the radial etch rate is a constant
value. This value is higher than the etch
rate of halo but lower than the ecthing rate
of track core.

The pore diameter as a function of etch-
ing time and temperature for our data is
shown in Fig. 5(a, b). It is seen that at 55°C
pore diameters grow linearly with etching
duration in both etchants. At this tempera-
ture the etching process runs slowly. The
pores become through when their diameters
are much larger than the halo diameter. De-
viation from linearity is observed at 70°C in
the region of small diameters. It should be
noted that this deviation is different for 0.5
N and 2 N etchants. This deviation is espe-
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Table 2. Breackthrough time (1), the linear (v;) and radial (v,) etching rates of the pores in
solutions of NaOH depending on etching temperature (T) and sensitization mode.

0.5 N, of NaOH
T°C T, min v, nm/min V,, nm/min vi/V,
55°C (UV, DMF) 200 15 0.15 100
70°C (UV, DMF) 140 21.5 0.18 119
55°C (UV) 270 11 0.16 69
70°C (UV) 200 15 0.175 80
2 N, of NaOH
T°C 1, min v, nm/min v,, m/min v,/v,
55°C (UV, DMF) 30 100 1.16 86
70°C (UV, DMF) 15 21.5 2.0 100
55°C (UV) 70 43 0.57 75
70°C (UV) 30 100 1.16 86

cially clearly seen for samples treated ac-
cording to the first sensitization mode. In
the case of 0.5 N etchant, the pore diameter
slowly increases at the initial stage. Con-
stant etch rate would be reached only after
pore diameters become >100 nm. In the
course of etching in 2 N etchant the pore
diameter grows quickly with etching duration
and constant rate would be reached after the
pore diameter is >200 nm. Several factors can
possibly cause the different behavior of the
etching curves at 70°C in 0.5 N m 2 N
etchants. Behavior of the curves may de-
pend on different rates of the fresh etchant
supply in the case of etching in solutions of
different concentrations. We did not carry
out these studies. The pore sizes should also
depend on the relation of the core etching
rate, area of halo and un-irradiated film
areas in the etchant of different concentra-
tions. Possibly in the 0.5 N etchant the
stage of slow etching corresponds to etching
the halo regions in the Ar ion tracks. We do
not observe the first fast stage of etching as
it was observed in [1]. It may be associated
with the fact that the radiation damage in
the Ar track core is much less than in the
core of heavy ion track. Besides that, the Ar
ion core track diameter is very small: about
7 nm [1]. Pores of such small diameter are
not through-going. If the halo diameter is
much larger than the core diameter it is
possible to observe changing of the radial
etch rate associated with etching the halo
area. As well as in [1], in the halo area the
radial rate slowly increases approaching a
constant value in the undamaged area
around the halo. In 2 N etchant we do not
observe the stage of slow rise of pore diame-
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ter. The possible reason of this difference
may be associated with the fact that 2 N
etchant is much more aggressive than 0.5 N
etchant. High radial and linear rates of
etching leads to the fact that both the track
core and the halo were etched off com-
pletely at the initial stage of etching. After
that the etching process runs at a constant
rate. From the dependences given in Fig. 5
we can conclude that the diameter of the Ar
ion tracks halo is rather large. Nevertheless
we are not acquainted with the works where
propagation of the radiation induecing cross-
linking of polymer molecules at irradiation
by Ar ions is studied. In the case of the
heaviest ions the track halo was detected at
a radial distance as long as 100 nm.
Knowing the breakthrough time and di-
ameters of the pores etched during this pe-
riod, we can estimate radial and linear rates
of pore etching. The linear etch rate was
determined as h/2t, where h is the film

thickness and 1 is the breakthrough time.
The radial etching rate was determined as
the ratio of the minimal radius of a
through-going pore to the breakthrough
time. It should be noted that such estima-
tion of the radial etching rate is made with-
out account of the fact that radial rates of
the track core and the halo may be rather
different. Our estimations give the average
radial rate of the formation through pores
of the minimal diameter. Data on the break-
through time, radial and linear rates of
pore etching for both methods of sensitiza-
tion are summarized in Table 2. In the right
columns of Table 2 the ratio of the linear
rate to the radial rate are given. It is seen
that this ratio is much larger for the first
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sensitization mode. High linear rate of
track etching at the first sensitization mode
enables obtaining narrow through-going
pores.

In conclusion, treating PET films with di-
methylformamide increases both linear and
radial rates of Ar ion track etching; but
growth in linear etch rate appeared to be
higher than the radial one. This allows ob-
taining track-etched membranes with pore di-
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OTpuMaHHA TPEKOBiX MeMOpaH 3 HAHOPO3MipHMMH
nmopavMu Ha ocHOBi IIET mmiBok, ompominenux iomamu Ar

B.O.Bomko, A.®D.Byp6an, H.B.Bopob6iioea, B.B.3ailyes,
A.Il.Kobeyw, O.I1. Kpuwmans

MeTogamu esleKTPOHHOI MiKpOCKoOIiil mociimskeHo miamerpu Ta rambuHy IIOp y Ipoilieci
TpaBJeHHs moJieTujeHTepedrajaTHuX IUIIBOK, ompoMmimeHumx iomamu Ar 3 eHepriemwo
1 MeV/n. B skocti TpaBuuka BukopuctoByBaaucsa 0.5 N ra 2 N posuuwau NaOH npu 55°C
Ta 70°C. IIpomec TpaBJeHHA IIPHCKOPIOBABCA ceHcubigisamiero, ska mossrana abo B OIpoOMi-
HIoBaHHI 1miIiBok Y@ Ta BuMouyBaHHI y mumerundopmamini (IMP) — mepmmii pekum
ceHcubimisamii, abo — JjuIire B ONPOMiHIOBaHHI MIiBOK Y® — apyruii pekum ceHcuOii-
sarii. Beranosieno, 1o giamerp ta rambuHA IIOP Oinbini y miaiBKax, o0po0/eHnX 3a IepIInM
pexxumMom ceHcuOimisairii. 3HalileHO TPUBAJICTE TPABJIEHHS (TPUBAIICTH IIPOPUBY), IO HEOO-
XiHA I TpaBJIeHHS HACKPIBHMX HOpP MiHiMaiabHOro pajgiyca. BukoHaHo OI[iHKHY JiHiiiHOI Ta
paxianpHOI HMIBUAKOCTEH TpaBieHHs Iop. BcraHoBieHo, mo micas obpobku AMDP mimiifina
MIBUAKICTH TPABJIEHHA IIOP 3HAYHO Oisbina, HiK paxianbHa. [le mae MOMKIUBICTE OTPUMYBATHU
HacKpisHi mopu miamerpom > 50 HM.
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