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Crystal structure of k-In,Se;
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Structural properties of single-phase films«ein,Se;, and y-In,Se; were investigated. Both films
were polycrystalline but their microstructures differed considerably. tattice parameter of
k-1n,Se; has been measured. A comparison between these two materials indicatedrtfag has
a significantly larger unit cellfc=2.5+0.2% andAa=13.5+0.5% and a structure more similar
to the a-phase of 1nSg;. © 2002 American Institute of Physic§DOI: 10.1063/1.1526925

Due to its potential application in photovoltaic devices, x-ray diffraction spectrum obtained for the In,Se film is
In,Se; is one of the most extensively studied binary chalco-shown in Fig. 1b). Using this spectrum, theg2angle for the
genide alloys of the type IlI-VI. There are four relatively (005 peak was measured to be 22.33°, implyitrg1.988
well-known phases of this compourid, 8, v, and §) and nm. This value agrees very well with the measurement of
recently a newk phase of 1aSe; has been discoverédstil,  deGroot and Moodera.
little is known about its properties. Many of the studies per-  The x-ray diffraction spectra measured for and
formed on InSe, have been done on multiphase films, thusx-phase films show substantial differences. First of all, the
preventing a full understanding of its chemical and physicaspectrum of they-phase film contains only théd06) peak
properties. This letter reports structural data obtained o@nd its higher-order peat0012, whereas thec-phase film
single-phase films of and y phases of I15Se;. From a com-  €xhibits all (00¢) peaks. The appearance of a vacancy-
parison of these results, crystallographic parameters of therdered-in-screw-forn{VOSF) phase, in which all the for-
k-In,Se; were determined. bidden(00¢) reflections appear, has previously been reported

Evaporation from elemental sources via Knudsen celldn Single crystals by Yet al and in thin films by Ohtsuka
was used to deposit thin films of J8e, on Si or Si/SiQ €t al® The structure of the VOSF is compared to that of
substrates. Both deposition and postannealing parametets!N2S& in more detail next.
were varied in order to find the optimal conditions for the ~ Unlike the case of the- or a-phases, the00() peaks of
formation of single-phase J&e;. In agreement with previ- «~IN>S& which have oddf indexes have stronger intensity
ous reports? it was observed that Zn doping during deposi- than_ the neighboring00¢) lines with gven{i indexes. This
tion promoted the formation of-In,Sey, while air exposure ~ confirms de Groot and Moodera’s claim that the ddpeaks
or passivation layer deposition suppressed it. Zn doping alof the f"”zs% are more intense in the x-ray diffraction
lows single-phasex-n,Se; to be deposited in polycrystal- pattern: Such unusual_ Ilne_ intensity is a mamfestgno_n_ of
line form onto substrates heated in the 125-250°C range©®Me Symmetry breaking ir-In,Se;. The second signifi-
while well-annealed undoped films always contained som ant difference between the two diffraction patterns is abso-

. C te line intensity; the peak intensity for thephase is about
y-phasé® The -In,Se, film used in this study was a 500 nm u . :
thick layer deposited at 125 °C using a Se/lIn flux ratio of 1.5,2 orders of magnitude greater than that of #iphase. This

and then annealed for 30 min at 350 °C in an Ar ambient.
The Zn flux was chosen to give nominal 0.5% doping, which
was confirmed by energy dispersive x-i@DX) analysis. A
single-phase film ofy-In,Se; was selected as a reference
sample. This 450 nm thick film was deposited at 400 °C us-
ing a Se/ln flux ratio of 1.64, and held at 400°C for an
additional 30 min. EDX measurements confirmed the chemi-
cal composition of both films showing that within experi-
mental errorgwhich were smaller than 2%In and Se mole
fractions were 40% and 60%, respectively.

The x-ray diffraction pattern measured for tieln,Se
film is shown in Fig. 1a). In addition to strond00f) peaks,
the spectrum contains a few weak peaks with mixed indices i
which indicate that, in addition to grains aligned along ¢the 10 —5——5—36 20 50 60 =0
axis, there are also some grains with other orientations. The 20 (deg)

Intensity (counts/s)

FIG. 1. X-ray diffraction spectra taken with Gl radiation for: (a)
¥Electronic mail: jbjasinski@Ibl.gov v-In,Se and(b) k-1n,Se films.
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measure the lattice parameters of both films. An application
of the smallest selected area apert(®AA) allowed us to
obtain diffraction patterns practically from single grains.
Such patterns obtained from cross-sectional specimens are
shown in Figs. &) and 2d). For the x-In,Se; film, the
aperture included also a small area of the Si substrate. There-
fore, the reflections originating from the,iBe; are superim-
posed on those of thel 10]; diffraction pattern. The Si dif-
fraction spots were used to calibrate the camera constant. In
the case of they-In,Se; film, due to the lack of an internal
calibration, the same camera constant was applied. From
such SAED patterns, two interplanar distances corresponding
to two perpendicular crystallographic directions were mea-
sured for each film. The following values were obtained:
19.35 A and 6.15 A fory-In,Se;, and 19.85 A and 7.05 A

for «-In,Se;. The interplanar distances obtained for
v-In,Se; agree, within experimental error, with tleelattice
parameter19.38 A® and with the interplanar distance of the
(1100)-type family of plane$6.17 A).° The largerd spacing
obtained fork-In,Se; agrees very well with the value mea-
sured from x-ray diffraction. This value is significantly larger
than thec parameter fow-1n,Sey (19.235 A or twice thec
parameter foB-In,Se; (19.28 A).” The 7.05 A value, as will

be shown later from plan-view study, corresponds to the in-
terplanar distance of (1D)-type planes, which leads to the
a-lattice parameter of 8.140.10 A. Ye et al* determined
a=7.14 A andc=19.38 A for their VOSF phase. The
smallerc-axis lattice constant of the VOSF shows that it is
FIG. 2. (8 and (b) Bright-field cross-sectional TEM micrographs of NoOt the same ax-In,Se and is, as SUQgestédcloser to
v-In,Se and k-1n,Se; films (an amorphous layer between the silicon sub- v-In,Se;.

strate and the polycrystalline film of-1n,Se; is an artifact due to TEM i ;
specimen preparation(c) and (d) SAED patterns obtained from cross- SAED study of plan-view specimens prepared from the

sectional specimens prepared frgnin,Se; and x-1n,Se; films. (e) and (f) )/-.anS% film showed that many grains had their axis
SAED patterns obtained from plan-view specimens prepared frdm,Se aligned closely to the surface normal, as demonstrated by the

and K-InSey films. Notice that camera constant for patterns showtcin  diffraction ring pattern shown in Fig.(8), which was taken
and (d) is different from that for patterns shown {g) and (f). using a large SAA so many grains contributed to it. An
analysis of this pattern shows that well-defined rifidsgs
is true even for the best-films, suggesting that the-axis ~ formed by a majority of the included grainsre of the
coherence length is much longer for thehase films. (hkh+KkO) type. It means that the majority of the grains
Transmission electron microscogf EM) was used to have theirc axis aligned along the film normal. However, a
investigate the microstructure and crystallographic propertiegiore detailed study, with use of a small SAA, showed, in
of both films. It showed that both layers are polycrystallineagreement with cross-sectional observatifgee Fig. 1a)],
but, with considerably different microstructures. In the casdghat there are also some grains with other orientations,
of y-In,Se;, the film grew in a columnar mode. Most grains, among which th¢121 3] zone axis was frequently observed.
which nucleated on the SiGsubstrate, grew primarily along For the «-In,Se;, the smallest SAA was applied to record
the film normal[see Fig. 2a)] and are about 0.2m in size.  the[0001] diffraction pattern from a single grairig. 2(f)].
Only a few of them stopped in the middle of the layer andDue to a lack of internatl-spacing calibration, in order to
were overgrown by the neighboring grains. A columnarextract the lattice parameter from this pattern, the camera
growth mode resulted in a roughness of about . The constant—measured from a ring pattern recorder for
k-In,Se film does not exhibit a columnar microstructure y-In,Se;—was used, introducing an error of about 1%. By
[see Fig. 2)]. Instead, it has a flakelike structure and a flatconsistently indexing all visible spots using indexes for the
surface. The grains are relatively thif.1-0.2 um), quite  [0001] zone axis in the hexagonal system, tidattice pa-
wide (typically with a size of a few micrometersand pri-  rameter was determined to be 86310 A. This value is in
marily parallel to the film plane. Only a few small grains agreement with the one indicated by SAED studies of cross-
with different orientations and a more isotropic shape weresectional specimens. Consistent though less accurate values
observed in the film. The observation that thehase grains of lattice spacing fok-In,Se andy-1n,Se; films were mea-
are relatively thin is consistent with the low-intensity, broadsured independently from high-resolution electron micros-
x-ray peaks compared to those obtained from jhghase, copy(HREM) images and their Fourier transforr(isT) (see
although some peak broadening may be due the presence Fiy. 3.
Zn in the k-phase film. Though little is known abouik-In,Se;, it is believed
PROOF COPY &gm area electron diffractidSAED) was used to that this phase must be closely related &cIn,Se;.
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that in the case of this phase, such a rule applies only to
low-index spots. The different symmetries of the two phases
are consistent with the atypical peak intensities in the x-ray
diffraction spectrum ok-In,Se;.

In bulk, v-In,Se; is believed to be the stable form at
room temperature whilex-phase can be produced by a
quench from high temperatufeSome authors report that a
high Se/In ratio in amorphous multilayers or a high Se over-
pressure during annealing of amorphous films promote the
formation of they-phasé® while others report that a high Se
overpressure during hot depositions results in dhghase’

The k-phase, on the other hand, seems to heterogeneously
nucleate from the free top surface during annealing of an
amorphous film at temperatures too low to nucleate the
y-phaset Ye and co-workefsobserved slow conversion of
the y-phase to the VOSF phase during long anneals, while
contrarily, long anneals tend to tumphase material into

) ) ) ) y-phase® Obviously, the kinetics of nucleation and transfor-
FIG. 3. HREM images obtained fronta) cross-sectional specimen from

y-In,Se film, (b) and(c) cross-sectional specimen fromIn,Se; film, and mation of phas_es in bSey is Ver_y complex.
(d) plan-view specimen fronk-In,Se, film. Insets show FTs of these im- In conclusion, polycrystalline films ofy-In,Se; and
ages. k-1n,Se; were studied using different techniques. EDX and

x-ray diffraction confirmed the chemical composition and
phase uniformity of these films. TEM study revealed that the
v-In,Se; film had a columnar structure whereasin,Se; is
flakelike. Both the SAED study and the HREM images
showed thatc-1n,Se; has a significantly larger unit cell than
the y-phase. Thec-lattice parameter is increased by about
2.5+0.2% and thea-lattice parameter increased by about

for example Fig. &)]. The x-In,Se, phase differs clearl 13.5+0.5%. The experimental results indicate also that not
xamp 9. ’ KeiNp=g P : Y only the size but the structure and the symmetry of the

from y-In,Se. First, it has thec-lattice parameter signifi- k-In,Se; unit cell is generally similar tax-In,Se, but dif-

cantly increased by about 2:£9.2%. The other difference is \ . . . .
the number of layers in the unit cell. HREM images obtainedferent in detail from previously described,fe; phases. Fi

from cross-sectional specimens clearly sh@@05 planes nally, in this work, we were able to obtain tHg001] elec-
o pecim y Shex P . }ron diffraction pattern ok-In,Se; and measure the-lattice
and they indicate that only five planes are inside the unit cel

[see Fig. &)]. However, the composition of these planesp"jlr"jlmeter of this novel phase.

and the role and location of vacancies remain unclear. The authors would like to thank the National Center for
Our studies also indicate that-In,Se; differs from  Electron Microscopy at LBNL for the opportunity to use its

v-In,Se; phase when viewed along tleeaxis. Combining  facilities.
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a-In,Se; is believed to have a lamellar hexagonal structure,
while y-In,Se; has a defect wurtzite structure, meaning a
wurtzite structure with one third of the cation sites vacsht.
The unit cell of they-In,Se; contains six atomic layers.
They can be associated with ti8006 planes visible in
HREM images obtained from cross-sectional sampsese
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