Oxygen in antimony triselenide: an IR absorption study
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Oxygen in single crystalline antimony triselenide (SbySes) is addressed by infrared (IR) absorption spectroscopy. Mea-
surements conducted on SbySes samples doped—during growth, post-growth annealing in the O, ambient, or by O
ion implantation— with 90 reveal an IR absorption line at 527 cm~! (10 K). Substitution of '°0 by 80 ‘red’-shifts
the signal down to 500 cm~! based on which the line is assigned to a local vibrational mode of an isolated oxygen
defect. Annealing of O-enriched samples in hydrogen atmosphere at temperatures above 380 °C results in the suppres-
sion of the 527-cm~! line and concurrent appearance of the signals due to hydroxyl groups, suggesting formation of
oxygen-hydrogen complexes. The configuration of the 527-cm~! oxygen center is discussed.

Oxygen plays an important role as key contaminant in many
solids. Its decisive impact on the performance of various
semiconductor devices has attracted considerable research in-
terest over the decades leading to identification of fundamen-
tal microscopic configurations of oxygen defects in the host
lattice and revealing their electrical activity.

Silicon is a classic example of a material where spectro-
scopic studies of various kinds in combination with first prin-
ciples theory led to profound understanding of oxygen-related
defects.! Oxygen on interstitial sites dynamically occupies
a bond-centred location between its two nearest-neighbor Si
atoms. The Si—O—Si ‘molecule’ gives rise to a strong IR ac-
tive antisymmetric stretch mode at ~1136 cm~! (10 K).>’ In-
terstitial oxygen in silicon does not have a level in the band
gap. It forms, however, electrically active complexes with
other impurities and defects in the course of device process-
ing. By far the most important example is thermal donors
formed during low-temperature treatment in the range 300-
500 °C." Notably, despite an overwhelming number of studies
dealing with these donors, the atomic structure and the origin
of the electrical activity are still not well understood.*>

Oxygen has also been extensively studied in GaAs due to its
role as a deep-level defect. In this material, O forms two dis-
tinct centers with unique vibrational mode spectra: An inter-
stitial species bond-centred between neighboring Ga and As
atoms (845 cm™! line), and a substitutional center (V oc—0) in
which O is located slightly off-centered primarily binding to
two of its Ga neighbors (715 cm™1).° Further examples where
the nature of fundamental oxygen species has been established
include GaP,’” CdTe,*'" ZnTe,'' and CdSe.'’

The present work addresses antimony triselenide
(SbySes)—an emerging chalcogenide semiconductor material
considered as a promising photovoltaic absorber. It possesses
an unique orthorhombic quasi-1-dimensional crystal structure
in which covalently bonded [SbsSeg], ‘nano-ribbons’ are
linked by weak van der Waals interaction.'”'* Research re-
lated to the role of oxygen in this material started quite early,
after it has been recognized that oxygen doping has a strong
influence—a combination of both beneficial and detrimental
aspects—on the performance of SbySe; thin film solar cells
(see, e.g., Refs. 14-18). Characterization of oxygen as a

key contaminant in such devices is of particular importance
since unintentional in-diffusion of this element may occur
well below typical growth and/or processing temperatures.
A number of studies have applied X-ray photoelectron
(XPS) and Raman spectroscopies to detect antimony oxide
impurity phases (Sb,O3, SbO;, SbyOs) in Sb,Ses.'”s'"*
Yet, experimental pieces of evidence for fundamental isolated
oxygen species in this material are unknown.

Theory predicts several possible intercalation sites for oxy-
gen in SbySe;.'”!%?! Substitutional oxygen on different sele-
nium sites (Ogs.) was found to have very low formation energy.
Og, does not have a level in the band gap, thus not contribut-
ing to the conductivity of SbySes. More importantly, oxygen
passivates the anion vacancies, which act as recombination
centers in SbySes due to their mid-gap states (see, e.g., Ref.
23). Oxygen was also found to potentially occupy a variety
of interstitial sites (O;) located either within the large van der
Waals voids'®*! or bonding with Sb and Se atoms within the
same ribbon, i.e., forming a Sb-O-Se chain.”?! These centers
have relatively low formation energies and are also electri-
cally inactive. The calculated migration barrier of O; along
the dominant van der Waals channels of Sb,Se; was found to
be 1.0 eV, implying that interstitial oxygen is mobile at typ-
ical device processing temperatures.”’ A complex consisting
of Og. located next to a Sb vacancy was also considered.”
Interestingly, it was found that this complex has a low forma-
tion energy with an acceptor level shallow enough to provide
effective p-type conductivity.

The aim of this Letter is identifying fundamental isolated
oxygen defects in antimony triselenide. Our infrared absorp-
tion measurements on O-doped bulk single-crystalline SbySes
samples show that a vibrational mode at 527 cm™! (10 K) can
be unambiguously assigned to an oxygen center. Its possible
microscopic configuration is discussed.

Single-crystalline Sb,Ses samples grown by a vertical
Bridgman melt-growth method were used in our study. De-
tails of crystal growth can be found in Refs. 24 and 25. The
crystals had diameter up to 4 mm with a length of 1 to 3 cm.
Subsequently, they were cleaved, cut, and polished to pre-
pare (010)-oriented samples (Pbnm space group nomencla-

ture) with a front size of about 3 x3 mm?.
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Figure 1. Infrared absorption spectra obtained at different tempera-
tures for an exemplary in-growth O-doped SbySes sample. Spectra
are offset for clarity. Inset shows integrated intensity of the 527 cm™!
mode vs. sample thickness obtained within a series of stepwise pol-
ishing treatments.

Three methods of were employed to introduce oxygen: (i)
in-growth doping, (ii) in-diffusion from the O, gas ambient,
and (iii) ion implantation. In the first procedure, the ampules
for the Bridgman growth were sealed with a small quantity
of Sb,O3 powder, corresponding to (0.1 4= 0.01) at% of the
SbySes source material. The two powders were ground to-
gether to aid incorporation of O during growth. For the nom-
inally oxygen free “reference” Sb,Ses; samples, only SbySes
powder was used. In both cases, ampules were sealed un-
der ~100 mbar Ar ambient at 300 K to suppress vaporisation
and promote melting. For post-growth oxygen in-diffusion
treatments, labeled here as O, “anneal”, reference samples
were sealed in quartz ampules filled with 400 mbar oxygen
gas at room temperature, and subjected to a thermal treatment
at 150-250 °C for 1 h. Ton implantations with 80 and/or 10
ions were performed at the Ion Beam Center of Helmholtz-
Zentrum Dresden-Rossendorf (HZDR), Germany. The im-
plantations consisted of a multi-step sequence with ion en-
ergies of 3, 1.6, 0.8, and 0.5 MeV and total dose in the range
of 0.25-1.8 x10'® cm™.

Infrared absorption spectra were recorded with a Bomem
DA3.01 Fourier transform spectrometer equipped with a glo-
bar light source, a KBr beam splitter, and a liquid nitro-
gen cooled MCT detector. The measurements were per-
formed in a He exchange-gas cryostat equipped with either
KBr or polyethylene windows, with the temperature of the
samples stabilized within 2 K. Unless noted otherwise, mea-
surements were taken at ~10 K. The spectral resolution was
0.4-1.2cm™ !

Figure | shows IR absorbance spectra obtained for an ex-
emplary in-growth O-doped SbySes sample. The spectra
reveal a dominant absorption line at 527 cm~!. The fea-
ture broadens and slightly ‘blue’-shifts with the temperature,
which indicates the vibrational nature of this line. A minor
peak at ~506 cm™! as well as at least three other weaker fea-
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Figure 2. (a) IR absorption spectra recorded on Sb,Se3 samples sub-
jected to four different post-growth treatments. From top to bot-
tom: '80- and '°O-ion implantation to the fluences of 13.5x10!
and 9x10' cm~2, respectively; '°O-ion implantation to the fluence
of 11x10'5 ¢cm~2; anneal in Ar ambient at 230 °C for 1 h; anneal in
O, ambient at 230 °C for 1 h. (b) Expanded section of the spectrum
taken on the O, annealed sample.

tures, marked by stars, are further seen in the spectra. These
signals also shift and broaden with the temperature. In the
present work, we focus on the dominant 527 cm~! line as the
weakness in intensity renders detailed investigations and con-
clusion on the minor features challenging. The entirety of our
data, however, suggest a common microscopic nature or kin-
ship in defect chemistry since all lines seen in the figure occur
simultaneously.

In order to verify if the 527-cm™! line originates from the
bulk of the in-growth doped samples, we performed IR ab-
sorption measurements within a series of sequential polish-
ing steps which gradually reduced the sample thickness from
about 2.4 to 0.3 mm. The results are shown in the inset of Fig.
I. The linear dependency of the 527-cm™! line intensity on
the sample thickness clearly demonstrates that the defect of
interest is homogeneously distributed over the sample depth.

The 527-cm~! peak dominates the spectra of all in-growth
O-doped SbySes samples, whereas the signal is either very
weak or absent in all “reference” samples. Such a behavior
is clearly in favor of oxygen as a main constituent of the de-
fect responsible for the 527-cm~! line. In order to verify this
assumption, we performed post-growth doping of nominally
oxygen-free SbySe; samples. Fig. 2 shows “differential” ab-
sorbance spectra whose references were recorded before the
corresponding treatment took place. The features seen in the
spectra thus inherently reflect changes caused by the corre-
sponding treatment.

The upper two spectra in Fig. 2(a) were recorded on two
different SbySe; samples implanted with 90 and 80410
ions. As one can clearly see, implantation with the pure '°0
isotope species gives rise to the 527-cm~! peak. The combi-
nation of both, 30 and 10, ions results in the appearance of

the 527-cm~! mode and an additional signal at ~500 cm™!.



The frequency ratio of the two lines, 499.5/527.3 = 0.9473,
corresponds well to the value expected for local vibrational
modes of 0 and 90 impurities, /16/18 = 0.9428. More-
over, the relative intensities of the two modes match those of
the %0 and '30 ion fluences used for implantation (see figure
caption). These observations strongly suggests that the 527-
and 500-cm ™! modes are due to isotopic 1°0 and 80 varieties
of a common isolated oxygen defect species.

The lower two spectra in the figure were taken on samples
after annealing in Ar and O, ambient at 230 °C. The oxygen
treatment gives rise to the 527-cm~! line, whereas in the case
of argon the signal is practically missing. These findings pro-
vide further strong support for the involvement of oxygen in
this defect.

We note that the O, annealing procedure at 230 °C pro-
duces a rough layer at the sample surface which is absent in
case of implantation or if the treatment temperature is below
200 °C. In the latter case, the 527-cm™ line does not appear
in the spectra either. For temperatures above 250 °C, the sur-
face layer is so intense that quantitative IR measurements are
rendered impossible due to significant scattering and low IR
signal intensity related thereto.

We attribute the rough layer to Sb,O3 formed by surface
oxidation of Sb,Ses. Evidence for such an assignment is pre-
sented in Fig. 2(b), which shows an expanded section of the
spectrum recorded on the O, annealed sample. The spec-
trum reveals an intense broad band at about 725 cm~! which
closely matches the value of the dominant 7-like Sb—O—Sb
stretch mode of ¢-Sby O3 (see Refs. 26 and 27). This peak is
uniquely seen as a result of O, annealing procedures and cor-
relates with the apparent roughness of the surface layer. Re-
moving the layer by lapping and polishing eliminates the 725-
cm~! band. At the same time such a procedure also results in
disappearance of the 527-cm~! line. These findings demon-
strate that exposure of SbySes to oxygen may cause both, the
formation of surface-near Sb,O3 phases and 527 cm~ ! cen-
ters.

Figure 3 presents results of an isochronal annealing series
carried out in a mixture of Hy and D, gas for an in-growth
O-doped SbySe; sample. The main figure shows a selection
of exemplary absorption spectra obtained after different treat-
ment steps, whereas the inset gives the intensity of the 527-
cm~! mode as a function of the annealing temperature. It
can be seen that the 527-cm~! defect anneals out between
350 and 420 °C. Interestingly, the H>/D; treatments at such
temperatures also give rise to a number of new lines with
frequencies in the spectral ranges of about 2550—2600 and
3430—3490 cm™!, characteristic of stretch vibrations of O—D
and O—H groups, respectively. Similar treatments performed
for nominally O-free reference samples do not result in the
hydroxyl stretch modes. Such a behavior can be understood if
we assume that hydrogen/deuterium gets trapped by oxygen
released from the 527-cm~! defect in cause of the thermal
treatment. Properties of the O—H/O—D centers are beyond
the scope of this study and will be the topic of the future in-
vestigations.

The bulk of our experimental data strongly suggest that
the defect responsible for the 527 cm~! line includes a sin-
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Figure 3. Results obtained on an in-growth O-doped SbySe3 sample
in a series of isochronal treatments in Hy+D, ambient for 1 h. Main
figure: Sections of IR absorption spectra recorded after annealing at
190, 390, and 420 °C. Inset: Integrated intensity of the 527-cm™!
mode as a function of the annealing temperature.

gle oxygen atom. As mentioned in the introduction, recent
first-principles studies consider a number of intercalation sites
of oxygen atoms in SbySes.'”'*?! These works consistently
find that formation of Os,, (n = 1,2,3) centers is energeti-
cally favorable and, thus, can account for the 527-cm~! mode.
Among the quasi-1-dimensional SbsSeg ribbons of Sb,Ses
there are three symmetrically inequivalent Se sites. The cal-
culations suggest that the center with O replacing the Se atom
at the corner of the SbySe¢ units (Ose, ) has the lowest forma-
tion energy.”! In this configuration, the O atom is covalently
bound to one Sb atom of the same SbsSeg unit and loosely
bound by van der Waals forces to second- and third-nearest
Sb atoms located in adjacent Sb4Seg units.'>'*>* On the basis
of the theoretical findings, we tentatively assign the 527-cm™!
line to the stretch mode of the strong covalent Sb—O bond of
Ose,. However, the difference in formation energies of dif-
ferent Os,, centers is relatively low, implying that all of them
may coexist. Minor modes at 506 cm ™! etc. seen in Fig. | are
in favor of this assumption. Calculations on the vibrational
frequencies of the O, centers would provide valuable means
to verify these suggestions.

Oxygen may also occupy interstitial sites, either connecting
adjacent Sb4Se¢ ribbons or forming Sb—O—Se bonds within
the same SbysSeg chain.'®’! Both configurations take advan-
tage of the roomy van der Waals voids of Sb,Ses which offer
large space for potential O intercalation. The shortest distance
between Se and Sb atoms bridging the van der Waals gaps
between adjacent ribbons is ~3.47 A,'>'" much larger than
typical Sb—O and Se—O bond lengths. The calculated forma-
tion energy of such interstitial centers is relatively low, which
makes them further candidates to be considered as an origin of
the 527-cm~! line. Without detailed knowledge of the config-
uration and vibrational properties of O; from first-principles
theory, however, these suggestion remains speculative.



In recent years, XPS and Raman spectroscopy have
been applied to study the impact of oxygen on SbySes
devices.'’-”"=? These works address oxide impurity phases,
such as Sby, O3, SbO;, and Sb,Os, but do not provide insight
into isolated O impurity centers. The formation of native ox-
ide phases and that of the 527-cm~! defect generally depend
on the chemical potential of oxygen, and thus on the experi-
mental conditions during growth and/or processing of Sb,Ses.
Our findings demonstrate that the 527-cm~! center and the
Sb,O3 phase may coexist. We speculate that the former de-
fect acts as “precursor” for the growth of native oxide, though
this suggestion calls for a thorough verification.

In summary, an oxygen-related vibrational mode at
527 cm~! in SbySe; was studied by IR absorption spec-
troscopy. Substitutional oxygen at a selenium site or inter-
stitial oxygen are proposed as likely origin of the 527-cm~!
mode. Our observations on an isolated oxygen center in
SbySes are a complement to earlier X-ray photoelectron and
Raman spectroscopy measurements addressing antimony ox-
ide impurity phases in this material.
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