Appl Phys A (2011) 104:311-318
DOI 10.1007/s00339-010-6136-8

Applied Physics A

Materials Science & Processing

Pulsed laser deposition conditions and superconductivity of FeSe

thin films

A. Tsukada - K.E. Luna - R.H. Hammond -
M.R. Beasley - J.F. Zhao - S.H. Risbud

Received: 20 July 2010 / Accepted: 16 November 2010 / Published online: 5 January 2011
© The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract We report the effects of growth conditions on
the superconducting properties of FeSe films epitaxially
grown on LaAlOs3 substrates by pulsed laser deposition
(PLD). Customary materials characterization techniques
[X-ray diffraction (XRD), in-situ X-ray photoelectron spec-
troscopy (XPS), in-situ ultra-violet photoelectron spec-
troscopy (UPS), and scanning electron microscopy (SEM)]
revealed the films had a c-axis oriented tetragonal structure
with lattice constants dependent on the growth temperature
(varied from 100 to 600°C). The standard four-point probe
method was used to measure the resistivity and supercon-
ducting transitions. Films grown at 400-550°C showed a
clear superconducting onset but no zero resistance down to
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2 K. The highest superconducting onset temperature (7,°"¢")
of 8 K was observed in films grown at 500°C and the onset
temperature was clearly correlated to the ratio of the lattice
constants (c/a). As the thickness of the FeSe films increased
from 27 nm to 480 nm, TCOrlset also increased as the strain in
the system was relaxed.

1 Introduction

The discovery of superconducting behavior in chemical
compounds has a rich history of being intimately connected
to materials processing by techniques spanning the gamut
from bulk crystal growth and powder sintering to thin film
deposition and fiber pulling. The recent introduction of a
new class of superconductors based on the iron-pnictide
compounds has led to burgeoning efforts directed toward
synthesis, characterization and measurement of magnetic
and superconducting transitions in these novel high-7; su-
perconductor systems [1-3]. The report of a superconduct-
ing transition at 7, = 26 K in LaOFeAs first triggered the
search for new compounds based on the structure of iron-
pnictides with the potential for exhibiting superconducting
behavior. With the successful synthesis and processing of
newer compounds in this family of materials, 7. values
above 50 K [4-6] have been reported in parallel with char-
acterization of different crystal structures in several of these
compounds, e.g., BaFe, As, [7], LiFeAs [8], and FeSe [9].
Pulsed laser deposition (PLD) is perhaps the most stud-
ied and extensively used materials processing technique for
making thin films of complex superconductors. Yet, the syn-
thesis results are often mixed and seem highly dependent
on specific chemistry and composition. For example, in the
LaOFeAs system, epitaxial thin films were obtained but su-
perconducting properties were poor [10-12]. On the other
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hand, in the case of the BaFe,; As, system, it was reportedly
easy to grow and cleave single crystal samples as well as to
deposit high quality thin-films [12, 13]. Furthermore, for the
LiFeAs system, successful thin-film growth has yet to be re-
alized. The FeSe system has the simplest crystal structure,
consisting of only one FeSe layered block, thus making it
an appealing material to study the effect of processing pa-
rameters on film growth and structure. Previous reports of
thin film growth of FeSe and FeTe materials include a study
of thickness dependence on superconducting properties of
FeSe;_,Te, films [14], substrate dependence on supercon-
ducting properties of FeSe films, and suppression of super-
conductivity by tensile strain in films. In the present work,
we report results of PLD of thin films grown from a dense
FeSe target (sintered by spark plasma sintering) and the ef-
fects of the growth parameters on the lattice constants of the
tetragonal structure, stoichiometry, strain in the films, and
the superconducting properties.

2 Experiments

The FeSe thin films for our temperature dependence study
were grown in a UHV chamber on (100) LaAlO3 (LAO)
substrates, which is the substrate of choice reported by Nie,
using pulsed laser deposition (PLD). For PLD, a Lambda
Physik LPX 210 KrF excimer laser was used that produces
a 248-nm-wavelength beam with a typical pulse length of
20-30 ns. The energy density on the target was kept around
1.3 J/em? with a repetition rate of 10 Hz and growth rate of
0.11 A/s. The typical thickness of the films grown in vacuum
(~1078 torr) was 40 nm. The growth temperature (75) was
varied from 100 to 600°C.

In an effort to speed up the turnover rate of production,
we subsequently studied the thickness dependence of these
films on LAO in a different HV chamber (~10~7 torr) us-
ing the same excimer laser, with an energy density around
1.67-2.0 J/cm?, a repetition rate of 1 Hz, a growth rate of
0.08 A/s, a target to substrate distance of 41 mm, and a
growth temperature of 400°C. We used the same target as
used in the UHV chamber to make films of thickness 27, 80,
and 165 nm and also a new target, made of the same initial
powder, to make films of thickness 127, 194, 372, 480 nm.
The thickness measurement of the 27 nm film was measured
by reflectivity and the remaining films were measured using
a profilometer.

Our target used commercially available FeSe powder
(99.9%) pressed into a disk by the spark plasma sin-
tering technique [15]. The films were characterized by
X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), ultra-violet photoelectron spectroscopy (UPS), scan-
ning electron microscope (SEM), and resistivity measure-
ments. The XPS and UPS measurements were performed in

@ Springer

5.56

ma(A)
lec(A) -3.80
554 ] w._.n® ]
" L3.78
o 5.524 . 8
< . o [376%
© 550 ¢ ~
L ]
b4 F3.74
5.48] L]
F3.72
5.46

0 100 200 300 400 500 600 700
Growth temperature ("C)

Fig. 1 The c- and a-axis values of FeSe films as a function of growth
temperature. The broken line is the a-axis value of the LAO substrate

situ. The photon source for XPS is MgK,, and for UPS the
Hel (21.2 eV) line was used.

3 Results and discussions

With the ability to create c-axis oriented films with good sur-
face morphology, as we show later in this paper, we focused
our attention on characterizing the effects of the tempera-
ture dependence during deposition on physical quantities of
interest. We do not determine the stoichiometry of the thin
films explicitly because the stoichiometry of the PLD target
does not always correspond to the stoichiometry of the film.
In addition, determining the stoichiometry directly from a
film to such extreme accuracy is difficult when such tiny
variations exists, as shown by McQueen et al. that Feq o1 Se
is superconducting while Fej g3Se is not. However, we do
follow a remarkable trend discovered by McQueen et al.,
namely that the ratio of the lattice constants c¢/a in Fej g1 Se
linearly varies with T [16]. Thus this quantity is a good pa-
rameter to track to achieve a higher 7.

Figure 1 shows the variation of a- and c-axis lattice con-
stants of the FeSe films as a function of growth temperature.
Due to strain from the lattice mismatch, the a-axis values
deviate from the bulk values of FeSe_, (3.767 ~ 3.779 10\)
and coincide with the a-axis value of the LAO substrates
(3.788 A). The c-axis value of FeSe films strongly depends
on growth temperature, and as can be seen in the figure,
monotonically decreases with increasing growth tempera-
ture from 5.52 A for films grown at Ty = 200°C to 5.48 A for
films grown at 7y = 550°C. While the reported c-axis val-
ues for bulk FeSe are still in question, our highest value of
5.52 A coincides with the value reported by some groups
[16—18], and our lowest value of 5.48 A coincides with the
value reported by Yeh [9]. With regards to the structure, Nie
reported that hexagonal FeSe tends to grow at a high growth
temperature (73 = 450-800°C) [19]. In our films, however,
the XRD patterns show no trace of hexagonal FeSe, even



Pulsed laser deposition conditions and superconductivity of FeSe thin films

313

Fig. 2 Resistivity as a function 10™ 2
of temperature for FeSe films i <173
grown at different temperatures _ N\ 7 e . 550°C
o~ e
s g 15
e e e L
g1y E A
>, : ~
= Bo14-®
2 200°C B . L a———a—{300°C
2 = T L e—as0C
= 1 g e S S 00C B e — T 1400
] a00°c = 1 "
a4 100°C é“'s -
10* | \ 0 SRS
0 50 100 150 200 250 300 0 S0 100 150 200 250 300
a Temperature (K) b Temperature (K)
10" 10 _
. ,I.rmmt ° 10 1.46 L
op * .
0 — . Lg 8] S1.45 .
g ] 44
a s P @ 6 445 200 460 600
= 102 - 2 < Teromns ("C)
= = g
§ ¢ F4 5 Eq“ 44
=g 10° ° ° ° McQueen et al.
o L4 e ® [y 2] ‘ Ttmu
10 et 0
0 100 200 300 400 500 600 700

Growth temperature ("C)

Fig. 3 The room-temperature resistivity at 300 K and onset temper-
ature of the superconducting transition in resistivity (7.°"®!) of FeSe
films as a function of growth temperature

in films grown at Ty = 600°C, though this discrepancy may
be due to the difference in thickness of our thinner films
(40 nm) in comparison to Nie’s films (200 nm).

Figure 2 shows the temperature dependence of the re-
sistivity. Most films show metallic behavior, and the non-
superconducting samples show an upturn in resistivity at
low temperatures. The films grown at 7y = 600°C are in-
sulating, and an onset of superconductivity is observed for
films grown in the range Ty = 400-550°C. Figure 3 summa-
rizes the room temperature resistivity and 7 as a function
of the growth temperature. The room temperature resistivity
is around 1 m2 cm for films grown at Ty = 500°C and in-
creases drastically with growth temperature for 75 > 500°C.
The T: also depends on growth temperature and the highest
Tt was obtained for films grown at Ty = 500°C.

Similar to the bulk tetragonal FeSe crystals made by Mc-
Queen et al. [16] where they observe a relationship between
the lattice constants and superconductivity, we also corrob-
orate a similar trend as shown in Fig. 4, where we plot T
versus the c¢/a ratio for our thin films and for McQueen’s
bulk crystals. Although our fitted line shifts to a lower c¢/a
ratio, its slope is similar to that obtained with bulk crystals.

0 . L o7 T
1.445 145 1455 146 1465 147
cla

Fig. 4 The dependence of T2™¢ with the ratio of lattice constants
c/a. The solid line is the result of bulk samples taken from McQueen
et al. [16]. The inset shows the growth temperature dependence on the
¢/a ratio

While the highest 72" was obtained at a growth tem-
perature of Ty = 500°C, the strongest (0 0 1) peak intensity
from XRD measurements was obtained at 7y = 400°C, as
shown in Fig. 5(a), where we plot both the (0 0 1) peak inten-
sity and 72" as a function of growth temperature. In an at-
tempt to merge these two optimums, films were annealed in
vacuum (fle_8 torr) at 500°C after growth at Ty = 400°C.
Figure 5(b) shows the resistivity data for annealed films.
After 60 min of annealing, the room-temperature resistiv-
ity increased from 0.7 Qcm to 2.5 Qcm, both a- and c-
axis values slightly decreased from 3.791 A and 5.505 A to
3.785 A and 5.501 A, respectively, but the 72" did not
change (~3 K).

Figure 6(a) shows the valence band photoemission spec-
tra for our FeSe films grown at various temperatures and
measured in-situ by UPS. As observed in previous reports
for bulk FeSe [20], the measured spectra have four distinct
features (A: near Eg, B: 1.3 eV, C: 3.7 eV, and D: 5.7 eV)
except for films grown at 7T, = 100°C. Features A and B cor-
respond to the Fe d-state. Feature C is a hybridized state of
the Fe d- and Se p-states, and feature D is mainly the Se
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p-state. The peak positions of A, C, and D are consistent
with previous reports, while the peak position of B is shifted
to a lower binding energy by 0.7 eV. We find that the A and
B peaks, which originate from Fe, shift with growth tem-
perature, while the C and D peaks, which originate from
Se, maintain their positions. Figure 6(b) shows the spectra
near Er. A non-monotonic shift of the peak at ~0.3 eV is
clearly seen.

Figure 7 shows the X-ray photoemission spectra of (a)
the Fe 2p-state and (b) the Se 3d-state for FeSe films grown
at various temperatures. As shown, the Fe peaks shift with
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growth temperature, while the Se peak does not. While Ya-
masaki reported the difference of Se 3d peak position be-
tween tetragonal (superconducting) FeSe and for hexago-
nal (non-superconducting) FeSe [21], our result shows that
there is no shift of the Se 3d peak even in films grown at
T, = 600°C, indicating that tetragonal FeSe is the dominant
phase in our films, as also confirmed by XRD. Figure 8 illus-
trates the ratio of area under the Se 3s X-ray photoemission
curve to that of the Fe 3p3,> curve as a function of growth
temperature. The ratio between the relative areas of Se:Fe
falls within the region of 1.5-2.5. In determining this ratio,



Pulsed laser deposition conditions and superconductivity of FeSe thin films

315

3.0

0.5 xps
Se3s : FerﬂM2

0.0

0 100 200 300 400 500 600 700
Growth temperature ("C)

Fig. 8 The ratio of Se to Fe as a function of growth temperature ob-
tained by integrating the area under the curve in XPS data for the Se 3s
state and Fe 2p3/, state

we used the area under the main peaks of each element, but
the dominance of Se in this ratio holds with other peak lines
as well, including Se 3d to Fe 2p.

As shown in Figs. 1-8, the properties of our FeSe films
depend strongly on growth temperature. The observed a-
axis values indicate that our films are under tensile strain
due to the lattice mismatch between LAO and FeSe. How-
ever, we stress that the large variation of the c-axis values
cannot be understood as a consequence only of the tensile
strain because the c-axis value varies, while the a-axis value
remains constant. The peaks shift in XPS and UPS suggests
that the doping level of Fe is varied with growth tempera-
ture, but even after taking into account variation of the Fe/Se
ratio, the variation of the c-axis value still seems large. Al-
though we have no clear explanation for these results, it may
be related to the large variation of the reported c-axis value
for bulk samples.

We note that prior to studying the growth temperature
dependence of these films, we varied the growth rate of
FeSe in order to optimize its formation. Figure 9 shows the
X-ray diffraction patterns of FeSe films grown on LAO sub-
strates at 400°C at different growth rates. The peaks can be
indexed to (0 O n) reflections of tetragonal FeSe, indicat-
ing that the films are c-axis oriented. The intensities of the
FeSe peaks are stronger for films grown with a growth rate
of 0.11 A/s than for 0.67 A/s, even at half of the thickness for
the higher growth rate film, indicating that a slower growth
rate yields better crystallinity. We did not explore growth
rates slower than 0.11 A/s because the amount of time neces-
sary to achieve the appropriate thickness would have caused
the PLD lens inside the chamber to be significantly clouded
due to the high vapor pressure of Se, which would decrease
the laser intensity during the run. Additionally, the lens in
the UHV chamber is not cleaned frequently as it is difficult
to access, however, the lens in the HV chamber, discussed
later, is cleaned frequently which is why we explored thicker
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Fig.9 X-ray diffraction patterns of films grown at 400°C with growth
rates of 0.11 A/s and 0.67 A/s
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Fig. 10 The ¢-scanof (1 0 1) and (1 1 1) peaks of a typical FeSe film

films in that chamber. All our subsequent runs in the UHV
chamber were performed using a 0.11 A/s growth rate.

The quality of our thin films in the UHV chamber were
characterized by the ¢-scan XRD patterns of the (1 0 1) and
(1 1 1) diffraction peaks in Fig. 10 and by the RHEED pat-
terns in Fig. 11, which are typical examples of our films.
The appearance of diffraction peaks 90°C apart in the ¢-scan
XRD pattern indicates in-plane alignment of the FeSe film.
It is interesting to note that Wu et al. reported the existence
of a 45°C degree rotated domain in films grown on MgO
substrates due to the large lattice mismatch (>10%) [14],
which underscores the importance of the choice of substrate.
In-plane alignment of our FeSe films is also confirmed by
RHEED (Fig. 11). Additionally, RHEED patterns along the
(1 00) and (1 1 0) directions of the FeSe films grown on
LAO substrates indicate a smooth surface morphology of
these FeSe films.

Figure 12 shows SEM images of our films. The surface
morphologies of films grown at 7y = 400°C are almost the
same: smooth surface with precipitates. For films grown at
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(100)

(110)

Fig. 11 RHEED patterns of an FeSe film taken along its (1 1 0) and
(1 1 0) direction

100°C 200°C

300°C
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Fig. 12 SEM images of FeSe films grown at various temperatures.
The length scale bar is 1 um
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Fig. 14 Comparison of the c-axis and a-axis lattice constants with the
thickness of films created. The square symbol represents a film made at
400°C in UHV using target 1, the open circle represents films made at
400°C in HV also using target 1, the filled circle represents films made
at 400°C in HV using target 2, created from the same initial powder as
target 1. We also depict data from Nie et al., open diamond, which is a
200 nm film grown at 380°C on LAO [19]

T, = 450°C, some patterns are observed: layer, rectangular,
and island structures for films grown at 500, 550, and 600°C,
respectively.

As we mentioned, our thickness dependence data is de-
rived from films grown in an HV chamber under conditions
mentioned previously. Figure 13 indicates that the 7" in-
creases as the thickness increases for films grown at 400°C.
Additionally, Fig. 14 shows that as the thickness increases,
the strain on the film is relaxed and seems to saturate around
an a-axis lattice constant of 3.76 A. The open circles in the
data indicate that the film was deposited with the same target
as used in the UHV system at a laser density of 1.67 J/cm?,
while the filled circles indicate that a second target was used
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that originated from the same powder as the first target at a
laser density of 2 J/cm?.

Figure 15 shows the resistivity data of these films, which
demonstrates that thicker films yield a higher 72"¢'. While
thinner films tend to be tetragonal, XRD data as shown in
Fig. 16 indicates that as the thickness is increased, addi-
tional phases are introduced, namely the hexagonal phase
and unidentified impurity phases. The quality of these films
can be characterized by the amount of dead layers in the film
as indicated by the sheet conductance at room temperature
in Fig. 17. Utiliting second target with a higher laser density
of 2 J/cm? as compared to 1.67 J/cm?, resulted in approx-
imately 60 nm of non-conducting layers at the interface of
the substrate and the film. We should note that the conduc-
tance of the hexagonal phase is most likely not responsible
for this dead layer as its conductance at room temperature is
similar to the tetragonal phase [22].

get 2, which is created from the same initial powder as target 1

Comparing the lattice constants of our thin films to that
from other groups, we find that our films show the high-
est TO™ at a c-axis value of 5.5 A, whereas films in pre-
vious reports show the 72" at a c-axis value of 5.52 A
[14, 19]. While a consensus exists that thicker FeSe thin-
films yield better superconducting properties, there are two
explanations about the effects of the thickness dependence
on superconductivity either being due to a relaxation of ten-
sile strain or to the prevention of a structural transition.

Evidence for the first suggestion, where tensile strain
suppresses superconductivity, is given by Nie et al., where
they grew FeSe films on LAIO3, SrTiO3, and MgO sub-
strates and showed the relationship between the c-axis value
and T2™° [19]. They showed that thinner films (50 nm) have
a shorter c-axis value (5.49-5.50 A) due to tensile strain and
show no 72" down to 5 K, while thicker films (200 nm)
have a bulk c-axis value (~5.52 A) and show T around
8 K (their films do not show zero resistance down to 4 K).
The second explanation that epitaxy prevents FeSe from a
structural transition at low temperature which leads to su-
perconductivity is advocated by some thin film groups. But
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this concept of a lack of a structural transition aiding su-
perconductivity was initially supported by bulk crystals and
pressure studies on them. In bulk crystals, McQueen et.
al. reported that superconducting FeSe undergoes a struc-
tural transition from tetragonal to orthorhombic at 90 K but
that non-superconducting FeSe does not undergo this tran-
sition [23]. With pressure, the T of FeSe increased to 34 K
[24, 25]. In applying this pressure, both a- and c-axis val-
ues decreased and the transition of the crystal structure from
tetragonal to orthorhombic was observed at room tempera-
ture. The pressure dependence of 7. showed a jump at the
structural transition [25], indicating the importance of the
crystal structure. With this bulk crystal perspective in mind,
in thin films, Yeh et al. observed a structural transition from
tetragonal to triclinic at 105 K [9]. Wu et al. grew FeSe films
on MgO substrates and showed an enhancement of the T
onset with increasing thickness (2 K for 140 nm and 6 K for
1030 nm with zero resistance at 4.5 K) [14]. However, they
mentioned that there is no large variance of the lattice con-
stants (a~3.787 A and ¢~5.528 A) with thicker films (140—
1030 nm). Hence, they explained that the strong thickness
dependence of T is not from the lattice mismatch strain but
from the prevention of a structural transition. These results
indicate that tensile strain might decrease 7; but there is an-
other parameter in determining 7, namely the suppression
of a structural transition.

4 Summary

We have studied growth temperature dependence and thick-
ness dependence on properties of FeSe thin films. The a-
and c-axis values were strongly affected by growth temper-
ature and thickness. The UPS and XPS measurements indi-
cate that the doping level of Fe depends on growth temper-
ature. Therefore, variation of the a- and c-axis values with
growth temperature is due to both lattice mismatch strain
and variation of the Fe/Se ratio. The superconducting tran-
sition temperature was also affected by growth temperature.
Our films showed a similar ¢/a ratio dependence on T, as
observed in bulk crystals. This result indicates that a balance
between the a- and c-axis values is important to obtain 7.
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