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Rhenium thin-film laser condensates have been obtained by pulsed laser evaporation
(PLE) and their structure has been investigated. During annealing and natural aging of
films the structural transformations have been examined. As a result of pulsed laser
evaporation of Re in vacuum and in the oxygen atmosphere at P(O,) = 1073 Torr on (001)
KCI substrates at room temperature, the amorphous films have been formed. Amorphous
films become crystalline after annealing. The natural aging in air provides the formation
of ReOj; crystals on the film surface. The formation of crystals took place non-uniformly.
The ReOg-poor and ReOg-rich crystal zones are formed. The ReOj crystalline structure is
destroyed during annealing in vacuum. The polycrystalline films consisting of ReO, and
ReOj crystals have been grown as a result of PLE of Re in oxygen atmosphere under P(O,)
=102 Torr on substrates at room temperature.

MeTomoM MMITYJILCHOTO JasepHoro ocaskaenusa (MJIO) monydyeHL TOHKOIJIEHOUYHEIE JIa3ep-
Hble KOHJEHCATLI PEHMA U MCCHIeJ0BaHa UX CTPYKTypa. M3ydeHBLl CTPYKTYpHbIE M3MeHeHUd,
IPOTEKAIOIINEe [IPU OTXKUre M IPHU ecTecTBeHHOM crapenuu iieHok. IIpu MJIO Re B Bakyywme
u B armocdepe kuciopoga npu P(O,) = 1073 ropp Ha mommoxkax (001) KCl upn xomHaTHON
TemIeparype (OPMUPYIOTCA aMOPQHbIE ILIEHKM, KOTOPble KPHUCTANIU3YIOTCA I[IPU OTIHKHUIE.
EcrecrBenHoe cTapeHne Ha BO3AyXe IPUBOLUT K (POPMUPOBAHUIO HA I[OBEPXHOCTHU ILIEHKU
xpuctantos ReOz. O6pasoBaHme KPUCTANIOB NPOUCXOAUT HEOTHOPOZHO. POpMUpPYIOTCA
30HBI KaK ofoTamleHHEIe, TaK 1 obegHenuble Kpucranaamu ReO,. Ilpu omxure B BaKyyMe
kpucranandeckas crpykrypa ReO; paspymaercsa. B pesynsrare MJIO Re B atmocdepe Kirc-
aopoga npu P(O,) = 1072 Topp HA HOLIOMKKAX LIPH KOMHATHOHN TeMIeparype (OPMUDPYIOTCH
TOTMKPHCTALINYECKIe TIeHKY, cocToamue us kpucranmtos ReO, u ReOs.
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1. Introduction
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a=0.2760 nm, c = 0.4458 nm,

In a solid state, rhenium is a silver-grey
metal with hexagonal close-packed crystal
lattice. Its melting point is 8180°C [1]. De-
pending on thickness and condensation tem-
perature, either amorphous or crystalline
films can be formed in thin-film condition
obtained by electron beam evaporation of Re
in vacuum [2]. When annealing, the amor-
phous phase transforms into crystalline one
with parameters which are close to those of
massive metal. Data on structure of rhe-
nium are provided in the tables of Interna-
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a/c =1.6152 (file 05-0702). According to
[3], other modifications observed in Re thin
films had impurity character. Perfect epi-
taxial films of Re were obtained on sapphire
substrates (0-Al,O3) by electron beam evapo-
ration in the range of T, = 1000-1200°C [4].

At present, there is a lack of data on
phase composition and structure of Re films
obtained by pulsed laser evaporation (PLE).
The aim of the present activity was to ob-
tain rhenium thin-film laser condensates
and investigate their structure as well as
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Fig. 1. Electron microscopic images of the films obtained by laser evaporation of Re in vacuum: (a)
— an amorphous film after deposition; (b), (¢) — crystallization as a result of thermal annealing in
a microscope column at 720°C and 810°C, respectively; (d) — formation of ReOs in amorphous
matrix of Re as a result of natural aging of films in air within 20 days. Electron-diffraction
pattern of films are given in the left top corner of micro-images (a), (b) and (d).

structural transformations during annealing
and natural aging of such films.

2. Method and preparation

Rhenium plate was placed on a rotating
table and sputtered by nanosecond laser im-
pulses both in vacuum and in oxygen atmos-
phere. Laser (Nd3*) operated in g-modulated
mode was irradiated into the chamber
through a glass window. Wavelength and
pulse frequency was 1.06 um and 25 Hz, re-
spectively. Oxygen was fed into the chamber
by means of SNA-2 feeding system at
P(O,) =1073-10"2 Torr. Laser erosion
plasma was applied onto (001) KCI sub-
strates at room temperature. The films
thicknesses were 20—30 nm. Details of PLE
method are given in [5].

To perform investigations, the films
were separated from substrates in distilled
water and transferred on subject grids.
Structural transformations in films have
been initiated by their heating directly in a
column of electron microscope as well as by
their natural aging in air without separa-
tion from the substrates. For samples an-
nealing, a specialized adapter have been ap-
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plied. In this case, the film temperature was
determined by heatpower applied to a
heater. "In situ” annealing effect in a column
of electron microscope and irradiating im-
pact on films have been investigated. The
structure of the obtained samples was exam-
ined using EM-100L and PEM-100-01 trans-
mission electron microscopes [5].

3. Results and discussion

Fig. 1a shows electron-diffraction pat-
tern and electron microscopic image of the
film deposited by laser dispersion of rhe-
nium in 107® Torr vacuum on (001) KCI
substrate at room temperature. Diffuse
rings and dotted structure on high resolu-
tion image indicated the formation of amor-
phous structure.

Annealing of amorphous films in vacuum
with special adapter for heating in a column
of electron microscope provided their crys-
tallization. Electron-diffraction pattern and
images of the film after annealing at 720°C
during 1 min are shown in the Fig. 1b. In-
terpretation of electron-diffraction pattern
is given in Table 1. According to these data,
the rhenium polycrystalline film with face-
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Fig. 2. Structure and distribution of ReO; crystals on the surfaces of the amorphous film produced
by laser evaporation of Re in oxygen atmosphere at 1073 Torr after its natural aging in air within
180 days: (a, b) — images and histogram of relative frequencies of grain sizes out of poor and
enriched zones; (¢, d) — similar for zone enriched with ReOj crystals.

centered close-packed lattice is formed. The
lattice parameters are following: a = 0.2747 nm,
¢ =0.4459 nm, c/a =1.623. The obtained
experimental data are in a good accordance
with the data of JCPDC (file 05-0702).

When increasing the annealing tempera-
ture to 750°C, the destructive processes
start, which lead to the film discontinuity
with the following its subsequent disinte-
gration. As a result, the spherical (more
rare faceted) rhenium micro-particles grow
as depicted in Fig. lc. This image shows a
so-called film “twisting™ that allows inter-
preting the form of Re micro-particles to be
spherical. The growth of Re micro-particles
is carried out by diffusive transfer of sub-
stance from a film to microspheres. Next,
the film becomes thinner and disintegrates.
Similar morphological changes were ob-
served earlier when heating fluoroplastic
films directly in a column of electron micro-
scope [6].

Natural aging in air of the rhenium
amorphous films grown on (001) KCI sub-
strates provides their oxidation. On the film
surface not contacting to a substrate, the
ReO; faceted crystals, grow. Fig. 1ld pre-
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sents the electron-diffraction pattern and
electron microscopic image of initial oxida-
tion stage of Re amorphous film after natu-
ral aging during 20 days.

Pulsed laser evaporation of rhenium in
oxygen atmosphere at P(O,) = 1073 Torr
also leads to the formation of amorphous
films on substrates at room temperature.
Their structure is similar to that shown in
Fig. la. Trapped during evaporation oxygen
intensifies oxidation process under natural
aging of the film in air. Fig. 2a presents
electron microscopic image of the amor-
phous film and ReOj crystals formed as a
result of oxidation in air during natural
aging within 180 days. Electron-diffraction
pattern and its interpretation are presented
in the left top corner in Fig. 2a.

It was revealed that formation of ReOgj
crystals on the film surface during its natu-
ral aging occurs not uniformly. The zones
of a roundish form of 1.5-1.6 um in size
are formed. In ReOj-poor zones, we re-
vealed only 1-2 crystals or they are abso-
lutely absent. In the ReOgs-rich zones, the
crystals are smaller and their surface den-
sity p is higher than out of these zones
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Fig. 8. Electronic beam influence on ReOg crystals: (a) — initial structure; (b) — amorphous state
and compound decomposition; (¢) — subsequent crystallization with Re segregation. The arrow
indicates ReO; crystal from which the micro-diffraction pattern is taken.

Table 1. Electron-diffraction data from films obtained by PLE in vacuum and in oxygen atmos-

phere.
Line Deposition in vacuum Deposition in oxygen atmosphere at P(O,) = 1072 Torr
No. | d (A) hkl, d (Re), nm d (A) hkl, phase d (ReOy), nm | d (ReO,), nm

phase (JCPDC 05-0702) (JCPDC 40-1155) | (JCPDC 17-0600)

1 |0.2382 100 — Re 0.2388 0.5294 | (110) — ReO4 0.5347 -

2 10.2217 | 002 — Re 0.2226 0.3452 | (210) — ReOg4 0.3496 -

3 ]0.2089 | 101 — Re 0.2105 0.2830 | (T02) — ReO, - 0.2790

4 ]0.1622 102 - Re 0.1629 0.2509 | (310) — ReOg4 0.2574 -

5 [0.18372|110 — Re 0.1380 0.2120 | (012) — ReO, - 0.2140

6 |0.1259 108 — Re 0.1262 0.1875 ReO, - 0.1850

7 10.1190 | 200 — Re 0.1195

8 |0.1169 112 - Re 0.1173

9 |0.1151 | 201 - Re 0.1154

Comments: d — interplanar spacing; hkl — Miller indices; JCPDC data from International Centre for

Diffraction Data.

(Fig. 2c¢). The results of processing of statis-
tical data of micro-images having ReOj
crystals are illustrated in Table 2, and also
the histograms of relative frequencies are
shown in Fig. 2b and 2d. Histograms X-axis
indicate the values of microcrystal’s diame-
ters D, whereas Y-axis shows the values of
relative frequencies W, defined as follows:

n (1)

where, n; is a number of observations of D,
value, and n — amount of sampling. Ac-
cording to the data given in Table 2, an
average ReO3 crystals size out of zones are
equal to ~0.8 ym in the film plane. Their
average thickness is 2 =0.1 u (as it was
revealed on images having twisted film
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areas). The crystals arranged with surface
density value of p ~ 6:10% cm 2.

In the enriched zones the crystals size is
0.17 um, and their density turned to be
greater: p ~ 5-10% em™2. Comparison of the
histograms provided in Fig. 2b and 2d has
shown that the distribution of ReOj crystal
sizes in the enriched zones is more asym-
metric in comparison with those out of the
zone. According to Table 2 the asymmetry
of empirical distribution is as a;=0.94 in
the enriched zones, whereas out of these
zones it comprises as a, = 0.88.

Poor and rich-zones have approximately
identical sizes of about 1.5—-1.6 um and are
distributed on the sample with surface den-
sity of the order 1.5-2.0-10% cm~2 (Table 2).
This value is almost identical to KCI crys-
tals dislocation density. Non-uniform distri-
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Fig. 4. Laser evaporation of Re in the oxygen atmosphere at 1072 Torr: (a) — microstructure image
and electron-diffraction pattern taken from the films; (b) — histogram reflecting distribution of

sizes of ReOg micro-crystals.

Table 2. Statistical analysis data of ReOg; crystal sizes and their localization zones in films
deposited by laser evaporation of Re in oxygen atmosphere

Evaporation of Re at P(O,) = 1073 Torr. Re evaporation at
Natural aging during 180 days PO, = 1072
Characte- ReO. crvstals Zones Torr. ReO5 and
ristics 3 oy ReO, crystals.
Out of zones In thickening Thickening De-enrichment After.
zones condensation.
p, cm ™2 5.8-108 4.9-109 1.5-106 2.0-106 2.0-109
<D>, um 0.30 0.17 1.57 1.51 0.17
0, Mm 0.07 0.08 - - 0.07
V, % 23.6 45.6 - - 41.3
a, 0.88 0.94 - - 0.87

Comments: p — s&lrface density; <D> — average size; 6, — sample standard deviation; V — coefficient

v

of variation as :
<D>
bution of ReOgj particles on a surface of
amorphous film can be interpreted as deco-
rating effect of (001) KCI defect surface.
The crystal lattice deforms in areas in which
the dislocations normal to the film surface
are intercross KCI free surface.

In these areas oxygen capture efficiency
by the growing rhenium film differs from
those surface crystal-substrate areas where
dislocations outlets are absent. During
aging, ReOj crystals are not practically
formed in the areas in which oxygen con-
centration is reduced in comparison with its
average value in the film. Segregation of
ReOj; crystals is intensified in the oxygen
enriched areas. Similar areas were revealed
earlier when decorating the surface of al-
kali-halide crystals by gold [7].

It was found that the influence of an
electronic beam in a microscope column on
an amorphous film with crystals proceeds in
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100%; a, — asymmetry of empirical distribution

two stages. At the first stage, destruction
of ReOj crystal lattice took place (Fig. 3a
and 3b). The second stage provides the crys-
tallization of the amorphous film with Re
segregation due to electronic beam intensifi-
cation (Fig. 3c).

During evaporation of Re in oxygen at-
mosphere at P(O,) = 1072 Torr on (001) KCI
substrates at room temperature the faceted
crystals have been formed (Fig. 4), for
which <D>=0.17 um, p=2109 ¢cm 2
(Table 2). Electron-diffraction data, given in
the left top corner in Fig. 2a, showed that
ReOj crystals with hexagonal lattice as well
as ReO, monoclinic crystals were grown
(Table 1).

Conclusions

Amorphous films have been formed on
(001) KCI substrates as a result of pulsed
laser evaporation of Re in vacuum and in
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oxygen atmosphere at P(O,) = 1073 Torr at
room temperature.

The first order phase transition to the
crystalline state took place at annealing of
amorphous thin-film laser condensates of
Re in vacuum. The crystals of ReOgj are
formed on Re thin film surface not contact-
ing with the substrate as a result of natural
aging of the amorphous laser condensates.
Process of natural aging of the films ob-
tained by laser evaporation of Re in oxygen
atmosphere at P(O,) = 1073 Torr proceeds
more intensively in comparison with aging
of the films produced in wvacuum. In
180 days the thickness of ReOj crystals
reaches 0.14 um, whereas the average grain
size in the film plane reaches 0.3 um. The
decoration effect of the substrate by ReOj
crystals was revealed. The formation of
ReOj; crystals on the amorphous film sur-
face has non-uniform character. The zones
of 1.5-1.6 um size enriched with ReOj crys-
tals, and also zones where these crystals are
practically absent have been formed. The
total density of such zones on the film sur-
face comprised ~ 3.5:10% em™2, and this corre-
lates well with dislocations density in KCI sub-
strate. During pulsed laser evaporation of Re

in oxygen atmosphere at R(O,) = 1072 Torr
on the substrates at room temperature the
polycrystalline films consisting of ReO, and
ReOj3 crystals have been formed. The struc-
ture of ReOj crystal is destroyed during
annealing in vacuum. The formed non-crys-
talline solid state is metastable, and the ad-
ditional subsequent annealing initiates its
crystallization with formation of polycrys-
talline Re.
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Kpucraaizania Ta npupoaHe cTapiHHA ILJIiBOK,
OCa/I’KeHUX JIa3ePHUM BUIApPOBYBaHHAM Re

O.''Bazmym, 1.0.Bazmym, T.K.Mypaé’ios, /|.B.Cnabokpyz

3a [OTIOMOTOI MeTOXy iMmyJdabcHoTo gaasepHoro ocamkenHa (IJIO) ogepskaHo TOHKO
OJiBKOBI JnasepHi KOHAeHCATH DPeHil0 Ta BUBUEHO IiX CTPYKTYpPy. HocrnigskeHo cTpPYKTypHI
3MiHM, AKi MaroThL MicIlle Tijx yac BiAmamOBaHHA Ta I Yac TPUPOTHOTO CTAPIHHA TIJIiBOK.
IIpu IJIO Re y Baxyymi i B armocdepi xucuio mpu P(O,) = 1073 ropp ma migkmagrax (001)
KCl| npu rimuaTHiI Temmeparypi QopmyioTbes aMopdHI ILIIBKM, SKi KpucTamisyroTbesa Iix
yac Bigmamy. Ilpupogne crapimns Ha HOBiTPi npuBoAuTL OO0 (POPMYBAHHSA HA IIOBEPXHI
mwrisku kpucranis ReO;. Mae micie HeogHopigHuii posmoxin Kpucranxis. PopMyIOTECA 30HH,
axi sbarauenmi, Taxk i somm, axi 36igmeni xpucramamu ReOj. Ilix wac Bigmamy y Baryywi
kpuctamiuna crpyktypa ReO; pyitayernca. B pesynprari IJIO Re B atmochepi xucHIO mpn
P(O,) = 1072 rtopp Ha mizksaskax opu KiMHATHIE TemmepaTypi (POPMYIOTBCH IIOJIKpHC-

rasriugi mriskw 3 kpucranis ReO, i ReOj.
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