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Growth and characterization of a novel In  ,Se; structure
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Thin films of In,Se; deposited by thermal co-evaporation crystallize upon vacuum annealing almost
single phase into an, up to now, unknown structure. Only when the films are capped with a thin
oxide layer before annealing, the reportedly stapltén,Se; structure, single phase and aligned
along the c axis forms. Rutherford backscattering confirms an In to Se ratio of 2 to 3 for both
structures. Nevertheless, the new structure has distinct x-ray diffraction peaks and Raman spectra.
The new structure has a much lower resistivity than $hén,Se; structure, consistent with its
smaller electrical and optical energy gap. Both structures show large photoconductivi00®©
American Institute of Physics[DOI: 10.1063/1.1355287

I. INTRODUCTION Cuka radiation were used for x-ray diffractici@also at high
temperaturg Rutherford backscatter spectroscopy was em-

group VI elements S, Se, and Te have been widely studieBloyed for compositional analysis, and a Cary 5 spectrometer
during the last decade and the potential application gBén for optical measurements. Resistance and photocurrent were

as an absorber material in a photovoltaic tehas revived Measured on a film with predeposited Pt electrodes and a
interest in this compound. Like most of the #VI; com- well defined junction area of 1 nfimwith an electrometer

pounds, 1Se, has a tetrahedral bonding structure and is aK€ithley 6514 and a 0.95 mW HeNe lasdtnisourcg.
semiconductor material. In addition, in order to satisfy thek@man spectroscopy has been performed on a Kaiser
octet rule forsp? hybridization, one third of the cation sites Hololab 5000 series.
are vacant. Although the structural, electronic and optical |||, RESULTS AND DISCUSSION
properties of 1pSe, are studied by many groufis®® the re-
sults are rather confusing and contradictory, because mo
measurements have been done on multiphase films. The In Fig. 1, x-ray diffraction data are shown for two 200
problems associated with preparing single-phase films, arem In,Se; films that are annealed situ at 340 °C for 1 h in
the many different crystalline phases that exist fosSk, an argon atmosphere. The difference between the films is a 3
the numerous other In—Se compounds, as well as the highm MgO protection layer that has been deposited on film A
vapor pressure of Se. The large influence that the microstrudefore annealing. This film A correspond to the well known
ture and secondary phasesirface layersmay have on the y-In,Se; structure. It is single phase and has a perfect align-
transport properties contributes further to the confusion. Irment along thec axis. Similar films have been grown con-
this article, the properties of JBe thin films are investi- sistently by others by multilayer deposition of In and'$&>
gated, carefully taking the above facts into consideration. When the InSe; films are annealed without a protective
layer, a completely different x-ray pattern arises. Except for
the small peak due to thg-006 reflection, the peaks, dis-
played in Table I, do not correspond to any known phase of
In,Se; films are deposited by stoichiometric coevapora-the In-Se phase diagram, although peaks at some of those
tion from elemental sources in a high vacuum chamber withpositions have been reported, unindexed, in an InSe
resistively heated W boaftfor Se and dopantsind two elec-  hydraté® and in In.Zn, ,Ses.*” The x-ray pattern corresponds
tron guns(for In and ALO; or MgO). The base pressure was to a single inter planar spacing and can be indexed with
<1x10 °Pa. Evaporation rates, typically 0.1 nm/s, areconsecutive OOpeaks.
controlled independently by three quartz crystal monitors.  The reproducibility of this pattern, including the ratio of
Film thickness ranged from 40 to 200 n# 3 nm ALLO; or  the peak heights, strongly indicates that the film is single
MgO layer was deposited on top of some of the films. Thephase and that the indexing is basically correct. This index-
films are subsequently annealiedsitu for 1 h at 340°C ina ing would correspond to a lattice parameter in ¢hdirection
100 Pa argon atmosphere. To stabilize different crystal strugef 1.99 nm, an increase of 3% with respectdein,Se; or
tures dopants, such as Ag, Sb, and Te, were substituted by-In,Se;. Peculiar is the high intensity of Dpeaks with odd
coevaporation from another W boat. Rigaku systems witd, 003 and 005 being the largest peaks. These spacings are
usually systematic extinctions due to symmetry consider-
dpresent address: Electronics and Computer Science Department, Univers%%lons’ as_they are in all Otherzm PhaS?S' However, a
of Southampton, Southampton, U.K.; strongly distorted structure might give rise to symmetry
electronic mail: chdg@ecs.soton.ac.uk breaking. A doubling of the proposed lattice spacing would

Binary chalcogenide alloys of the type JHVI;, with

é. Structural characterization

Il. EXPERIMENT
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mation at approximately the same temperature at which
FIG. 1. X-ray diffraction spectra ofy-In,Se; (A) and the novel Ig5e v-In,Se; forms from the amorphous phase. Upon prolonged

structure(B). Both films are 200 nm thick and annealedsitu; the only - : ° ; ;
difference is that the/-In,Se; film has a 3 nm MgO cajfayer deposited on heatmg at hlgher temperatures (400 C) in air, the uncapped

top before annealindC) In,SeAgy , film with a cap layer showing broad- 7'|n2se§ tranSfO_rmS completely tcﬁtra}nsparent conductpr
ened peaks of the novel structure In,0O5 with no evidence of Se, and no intermediate compound

is formed during that process.

We have tried to influence the growth of the different
off course eliminate peaks with Odd but this will not fa- |n28% structures in different ways by Varying the evapora-
cilitate any explanation. tion ratio (InSe with 2.8<x<4), substrate(soda-lime

It should be noted that a lot of confusion is due to dif- g|aSS, quartZ, oxidized Si and 2Q3)1 substrate temperature
ferent assignments for identical ;Be; structures and vice (ambient and 100 °C), capping lay@gO and ALOs), and
versa. As argued by Yet al,” there exist only two struc- py changing the annealing atmosphere from Ar to vacuum.
tures; a layered structurex{In,Sey) best characterized by None of these actions influenced the formation of the differ-
PCDFS 40-1408 and a defect wurtzite structusel(,Ses)  ent In,Se structures. Only by adding small amounts of for-
described by PCDFS 40-1407. The novel structure discussegign elements could the crystalline structure be changed and
here is distinct from both and will be referred to@dn,Se;  made independent whether the film has been capped or not.
for the time being. Sb substituted for In stabilized the-In,_,Sh,Se; structure

To probe the crystallization of the J8e; films, Xx-ray  (0.05<x=<1) in agreement with Ref. 18 and Te substituted
diffraction scans were conducted while stepwise increasingor Se stabilized they-In,Se;_,Te, structure for 0.%&x

the temperature of an amorphous film on a hot stage undetq 5 (see also Ref. 19
Ar atmosphere. In the capped films, the onsetyeln,Se The noble metals Ag and Cu do not substitute easily in
formation occurs at 180 °C as shown in Flg 2. Remarkably"']_Se but are prone to form Compour(dnsg_, the Cu|nSﬁ
annealingex situof the amorphous uncapped,8® fims  photovoltaic absorbeyslit turned out, however, that small
does not result in the formation of the-In,Sey structure;  amounts of Ag addition stabilize the-In,Se;Ag, structure
The films crystallize predominantly or completely in the for x<0.2 in the sense that the-In,Se; structure formed
y-In;Se structure, even when annealed in air instead of arpoth with and without capped films, although with consider-
gon. Annealing of(alreadyin situ annealedl k-In,Se; leads ably broadened peal{see Fig. {C)]. The peaks do not be-
long to any of the chalcopyrite phases. It is possible that Ag

TABLE I. X-ray diffraction peaks of the novelq-)In,Se; structure with the atoms substitute for one of the constituents, but it is more

proposed indexing, assumingceaxis lattice spacing of 1.99 nm. likely that it fills SFrUCtural Vaca_nCies- ) )
The most obvious explanation for the difference in struc-
20 (deg d (pm) 1 max hkl ture between the capped and uncapped structure is the evapo-
8.91 992.0 0.02 002 ration of Se during annealing. However, as is shown in Fig.
13.36 662.3 0.26 003 3, Rutherford backscatter spectrosco®BS on 40 nm
17.82 497.3 0.04 004 films shows that the Se/In ratio is 1.50.01 for both struc-
22.33 397.9 1.00 005

tures, proving the absence of any noticeable Se evaporation.
gs'zg gg;g (\)/';? wgge From the similar shape of the RBS spectra, it may also be
31.44 284.3 0.15 007 concluded that no large scale segregation of the elements
takes place. In 200 nm films, the Al of the capping layer is
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FIG. 3. RBS spectra of 40 nm-1n,Se; and k-1n,Se; films. Analysis of the
peak areas confirms that the Se/In ratio in the films is £ 801 for both 2000 —
structures. They-1n,Se; spectrum is shifted to slightly lower energy values
due to the stopping power of the &5 cap. 1000
0
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visible separately, because the Si substrate peak is pushed to
lower energies. This shows that thez!; or MgO remains FIG. 4. Raman spectra for 200 nkaln,Se; and y-1n,Se; films. The wave-
dd diff . he film duri i length of the diode laser is 633 nm. Theln,Se; structure is readily iden-
on top an Oes_ not _' us_e into the film during annealing. tified by the large peak at 150 cth The «-In,Se structure has a distinct
The x-ray diffraction in the hot stage shows that thebut similar pattern.
x-In,Se; structure transforms te-1n,Se; upon annealing.
However,in situ annealing reveals that the-In,Se; struc-
ture is also stable at elevated temperatures. The formation of
7-1n2Sey '|n uncappedsx.snuannealed f||m§ cap hence only B. Electrical and optical characterization
be explained by assuming that surface oxidafishich hap- o o
pens inevitably also acts as a cap layer. Notice that in ex- ~ The resistivity and photoconductivity ot-In,Se; and
periments of other authors, the,8e, films are either an- ¥-IN2S& has been measured on gla7$s substrates with Pt elec-
nealedex situor deposited as a multilayer in which the top trodes. The ohmic resistivity of210" () cm for y-In;Ses is
layer can act as a cap layer. Our results are hence not ﬁ‘.pmpz_;lrable to the class of high-resistance films in Ref. 14
conflict with previous experiments. To understand the role of’md higher than those values reported by otffersmostly

the cap layer, one has to assume that film crystalIizatiormumphas'_et_f'.ltm$ Tt?]e K—(IjnZS%f ;Ilr&sﬂshow_r(;]ontsmerably

starts at the surface. The precise role of the cap layer i 9wer resistivity on the order o cm. The tempera-

however, unclear. It might act as a template foin,Se, or ture dependence of both structures follows an Arrhenius be-
[} . 2

) . L ._havior over a wide temperature range as can be seen in Fig.
its absence might change the surface composition favorin . .

o . Thek-1In,Se shows an activation enerdy, of 0.43 eV in
crystallization ofx-In,Se; seeds.

: . .. the temperature range from 150 to 400 #.In,Se; shows
Even though the x-ray d|ffract|on peaks show a d|st|nctIinear behavior up to 450 Kthe high resistanceT@) pre-
structure, the molecular environment of the new structurglented accurate measurements below room tempetature
might be very similar to one of the knownfBey structures.  iun £, .68 eV. Both structures show large photoconduc-
Raman spectrometrifig. 4) shows that the characteristic tivity with slow decay on the scale of minutes. For the
peak of y-In,Se; at 150cm ™ is also present inc-In,Se, k-In,Se films, the photocurrent is more than 2 orders of
although less pronounced, and we can hence conclude thf#agnitude larger than the dark current corresponding to
the molecular structure is rather similar. AlLBe; structures  more than 10 mA/W photocurreitsee Table ). The rela-
can be considered as defect structures where the structur@\}ew small temperature dependence shows that the mea-
vacancies behave as one atomic spetis.explanation for  sured photoconductivity cannot be due to heating of the film,
the x-1n,Se; might be that the reordering of these vacanciesas this would translate to a temperature rise of over 100 °C,
will slightly change the lattice parameters and destroy thea highly unlikely number considering the low power density
high symmetry of they-In,Se;, leading to very distinct x-ray of the laser source. The large photoconductivity also shows
diffraction peaks. that the resistivity of thec-In,Se; is not due to a shunt by a
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FIG. 6. Optical absorption of 200 nm films of-In,Se;, «-1n,Se;, and

. AT
FIG. 5. Temperature dependence of the dark resistivitycdh,Se, and ~ @morphous IgSes. The energy at which the absorption is”Hin™" is 1.9,

y-In,Se,. The lines are fits based on an Arrhenius behavior of the resistivityl-7>: and 1.5 eV, respectively.
with the activation energy being 0.43 and 0.68 eV ferln,Se and
v-In,Se;, respectively. Photoconductivity values at room temperature are

indicated by open symbols. agreement with literaturé,while x-1n,Se; has an absorption
edge of 1.75 eV. Both values of the optical gap are consid-
erably higher than twice the activation energy for electrical
ﬁonduction of the respective structures. This means that the
electrical activation energy either probes the grain boundary

in photovoltaic cells for both structures. ior heiaht o the diff betw q level and th
Attempts have been made to determine the sign and corR@Mer height or the difference between a donor level and the
conduction band edge.

centration of the charge carriers by Hall-effect measure-
ments. Neithek-In,Se; nor y-In,Se; films showed any Hall
effect. Although the high resistance hampered the experin/. CONCLUSION
ments, a value for the mobility above 1 €W s ! could o
have been detected. A resistivity governed by scattering at 11N films of In,Sey have been prepared by thermal co-
the grain boundary, as proposed in Refs. 6, 9, and 14, woul§vaporation. When annealéu situ without a cap layer, the

explain the absence of Hall effect without invoking unreal-film crystallizes in and up to now, unknown structure. This

istic low mobilities. This process can also lead to an ArrhenStructure has an x-ray diffraction pattern corresponding to a

ius behavior of the temperature dependence of the resistivity "€ intérplanar spacing and can be indexed with consecu-
Hot probe test¢Seebeck effegtshow thatne,u§>nh,uﬁ for t|v9 00 peaks. Only whgn the films are cap.ped. with a thin
both structures. oxide layer(by evaporation or by natural oxidatipbefore

Optical absorptionA was calculated from reflectivitg ~ @1n€aling will the reportedly stablg-In;Se; form, single
and transmissiom using A=T/(1-R) and the absorption phase and aligned along tleeaxis. Rutherford backscatter-
coefficient is subsequently given by= — In(A)/t, wheret is ing confirms an In to Se ratio of 2 to 3 for both structures.
the film thickness. The absorption curves are shown in Fig. é’he new structure ha_ls a much lower resistivity than the
for y-In,Se;, k-1n,Se; and amorphous k$e;. In theory, the y-In;Se; structure, while both structures show large photo-
optical gap can be derived from extrapolating the linear parfonductivity.
of (ahv)" versushv wheren depends on whether the film
has a direct or indirect transition. In reality, however, thisACKNOWLEDGMENTS
procedure is subject to strong ambiguities, and we prefer to
report on the isoabsorption gap, whese=10°cm 2% A
small, but discernible difference exists betweein,Se; and
k-In,Se;. The absorption edge of-In,Se; is 1.9 eV in

thin metallic (In rich top) layer. The small leakage current
compared to the photocurrent indicates possible applicatio
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