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Abstract. The optical absorption spectra ofgiCsingle crystal and thin film in the weak-
absorption region have been measured by photothermal deflection spectroscopy. The optical
energy gaps, corresponding to optically forbidden transitions of weak absorption, were derived
from Tauc plots. On comparison with the photothermal deflection spectrum of an amorphous
semiconductor, the similarity suggests that the gap region of sghid#&h be described in terms

used for amorphous semiconductors such as an Urbach edge and sub-gap defect absorption. The
weak-absorption characteristics of solidp@re discussed.

1. Introduction

The unique properties and potential applications of moleculgr@ave been exciting a

vast number of studies on the preparation of pure samples and the characterization of
their chemical and physical properties. The optical absorption of the material also attracts
considerable interest [1-9], because it not only provides a characteristic signature but
also contains a wealth of information about the energy levels and the electron density
of states. However, the reports on ultraviolet-visible (UV/VIS) optical spectra are limited
other than for dissolved molecules [1-3] and polycrystalline thin films [4—6], mainly due to
the difficulty of preparing flat thin crystals suitable for optical transmission measurements.
A few investigations have been performed on the weak-absorption spectra [7-9], since it is
difficult to determine the absorption ranging from the near infrared to the visible for solid
Coo-

Pure crystalline g has a face-centred cubic (fcc) structure at room temperature. The
Cso molecules are brought together by van der Waals forces and weak Coulomb interaction.
Theoretically the undoped & crystal can be described as a narrow-band semiconductor
with the energy gap between the highest occupied molecular orbital and lowest unoccupied
molecular orbital (HOMO-LUMO) of 1.5-2.6 eV [10-12], which is optically forbidden.
Various experiments, however, gave different values of the energy gap ranging from 1.5
to 2.3 eV [13-15]. Therefore, further investigations on the weak-absorption spectra of
high-quality Go single crystal are indispensable for understanding the delicate molecular
interaction in solid G. Since the conventional transmission and reflectivity spectroscopies
are not suitable for a sample with weak absorption due to their minimum detectable
absorption of 162, photothermal deflection spectroscopy (PDS) has been used in our work.
PDS is well known as an advanced technique for its highly sensitive and nondestructive
determination of the optical absorption of solid, liquid or gas based on the photothermal
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effect. In this paper, the weak-absorption spectra of bgihtkin film and single crystal
grown by different methods are measured by means of PDS, and compared with those of
an amorphous semiconductor film. The weak-absorption characteristics of gglidreC
discussed.

2. Experimental details

2.1. Preparation of thin films

The Go powder with purity of 99.9% was kept in an evacuated quartz tube at about 523 K for

15 h in order to remove residual solvents used during the separation or purification process.
This pre-treated g powder was sublimated in a quartz furnace at 735 K onto clean quartz
substrateg1 cm x 0.5 cm, 0.8 mm in thickness) held at 415 K during deposition in a
vacuum of 107 Torr. A typical flux rate for Go deposition was about 3 nm mih The

shutter over the substrate was closed while the temperatures of the source and substrates
were rising. The thickness of thes&film was measured with a Dektak Il1A profilometer.
Raman and infrared (IR) spectra confirmed that the thin films obtained consisted almost
entirely of polycrystalline g. The crystal structure of & thin films was face-centred

cubic (fcc) as indicated by x-ray diffraction.

2.2. Growth of single crystals

Single crystals of g were prepared in two different ways: by the sublimation method
and by the solution method. From the sublimation method [16], single crystals with fcc
structure were obtained. Alternatively, from the C®lution orthorhombic single crystals

of Ceo were grown [17]. Several flat-shaped fcc single crystald.5 cmx 1 cm) with
thicknesses of about 100m, 230um and 0.5 mm were selected for PDS measurements.
An orthorhombic G single crystal(~1 mmx 0.4 mm) with a thickness of about 0.1 mm
was used in the PDS measurements.

2.3. Measurements

The strong UV/VIS transitions of & thin films were measured using a CARY 2390
UV/VIS/NIR spectrophotometer. The scanning rate was 1.6rmn st

The weak-absorption spectra ofd3ingle crystals and thin films below 2.3 eV (540 nm)
were determined by transverse photothermal deflection spectroscopy (PDS). A xenon arc
lamp with a monochromator was used as an exciting light source (pump beam), and the
focused beam was modulated by a mechanical chopper. The probe beam was a 0.5 mW
He—Ne laser. The amplitude and phase of the probe beam deflection were detected with a
highly sensitive position sensor, and fed into the (A-B) input of a lock-in amplifier. The
detected PDS signal must be normalized by the intensity spectrum of a pump beam with
a modulation frequency of 10 Hz. Additional details about the PDS are given in [18, 19].
Because of the high sensitivity of PDS it is possible to measure forbidden transitions as
well as defect states that would not be detected by other techniques. The measurements
were performed at room temperature. Silicone oil was selected as a deflection medium.
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Figure 1. Optical absorption of a § thin film. In the region around 2.1 eV the PDS and
transmission data are overlapped after normalization.
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Figure 2. UVIVIS spectra of three & films: ——, 1100A; - .. ... , 1700A:; - - - -, 13900A.

3. Results and discussion

The full optical absorption spectrum og&thin film is shown in figure 1, which is obtained

by overlapping the PDS data with the optical transmission data in the region around 590 nm
(2.1 eV) where the former is near saturation while the latter is near the resolution limit. The
UV/VIS spectra above the gap region (6.5-2.3 eV) are easily determined by the conventional
optical transmission method. The absorbance is shown in figure 2 for three thin films (solid
line: 1100A; dotted line: 1700A; dashed line: 1390@). The features reproduce details
measured by other people [4-6]. Strong absorption peaks occur at 220 nm (5.636 eV),
268 nm (4.627 eV), and 346 nm (3.584 eV), respectively. An obvious shoulder at 500 nm
(2.48 eV) is observed near the middle strong peak at 445 nm (2.787 eV). At 616 nm
(2.013 eV), a weak peak can be found. According to the electronic structure ofgthe C
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molecule [20], the symmetry-allowed transitions corresponding to the absorption peaks
may be assigned as,H> Ti4 2.787 eV, H — Ty, 3.584 eV, H — Hy 4.627 eV and

Gy, Hy — Tau 5.636 eV. Since the HOMO-LUMO dipole transition is a symmetrically
forbidden one with weak absorption, it is difficult to estimate the value of the energy gap
directly from figure 2. For the near-gap (2.3-1.6 eV) and the sub-gap (below 1.6 eV)
regions, therefore, PDS was used for investigating the interesting weak absorption for both
thin films and single crystals of (G
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Figure 3. Visible and near-IR spectra ofgg single crystals determined by PDS. The arrows
denote the boundaries of the regions A, B, C and D: (a) fgcsthgle crystal; (b) orthorhombic
Cep single crystal.

The PDS spectra of a fcc and an orthorhombig €lngle crystal are shown in figure 3
as (a) and (b), respectively, and that of a fag @in film with the thickness of # um is
shown in figure 4 as (a). The spectrum can be divided into four regions: A, B, C and D, as
shown in figure 3. The arrows in figure 3 denote the boundaries of the regions A, B, C and
D. In region A, the energy is above the energy gap and the optical absorption spectra can be
measured by a conventional transmission method such as is shown in figure 2. Region B,
where the absorption coefficient, is proportional to the power of the energy of incident
photons,hv, is called a ‘high’-absorption region. Region C is an ‘exponential’ absorption
region, wherex is proportional to the exponent éfv. Region D denotes the ‘sub-gap’
absorption dominated by transitions from extended valence band states to defect states or
from defect states to extended conduction band states. Here, regions B and C are classified
as ‘near-gap’ absorption region.

For region B, the PDS specttav ~ 1.75-1.9 eV) for two kinds of single crystal grown
by different methods are coincident (shown in figure 3), while the corresponding energy
(hv ~ 1.85-2.05 eV) for a g thin film in figure 4, (a), is about 0.1 eV higher than that
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Figure 4. Visible and near-IR spectra ofsgthin films and single crystals as well as a-Si:H/SiN
multilayer film determined by PDS: (a) fccgg thin film; (b) fcc Gso single crystal; (c) a-
Si:H/SIN multilayer film.

of pure fcc Go single crystal. This means that the energy gap of puggesihgle crystal
would be about 0.1 eV narrower than that afy@hin film.

The spectra of solid g are similar to those of amorphous semiconductor films. In
order to make a comparison, the absorption spectrum of an amorphous silicon/silicon nitride
multilayer film (a-Si:H/SIN, 16 um thickness) was measured by PDS, and also shown in
figure 4 as (c). For region A in the spectra of the soligh,Gherefore, the optical gaps
can be derived by using the Tauc equation [21] which is usually adopted for amorphous
semiconductors:

(ahv)Y2 = B(hv — Eqp) 1)

where E is the optical energy gapiv is the energy of the incident light andl is a
constant related to the properties of the material.

Table 1. Values of Eqp derived from Tauc plots (eV).

fcc Gsp  Orthorhombic  fcc G a-Si:H/SIN
Sample crystal &b crystal thin film  multilayer film

(ahv)¥2  1.63 1.65 1.75 1.69

Figures 5(a)-5(d) show the Tauc plots for a fcg €ingle crystal, an orthorhombicsg
single crystal, a fcc gg thin film and an a-Si:H/SIN multilayer film, respectively. The values
of Eqp derived from the Tauc plots are listed in table 1. Because each plot corresponds to
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Figure 5. Tauc plots for various samples: (a) fcgg®ingle crystal; (b) orthorhombicgdg single
crystal; (c) fcc G thin film; (d) a-Si:H/SiN multilayer film.

a straight line over a large energy region, the plot for equation (1) can be reasonably used
to estimateEp for solid Cgo as it is for an a-Si:H/SIN multilayer film.

By comparison of the PDS spectra (a) and (b) in figure 4, it is observed that the optical
absorption edge of fcc dg single crystal is shifted to an energy about 0.1 eV lower with
respect to that of § thin film. Generally, the sub-gap and above-gap absorptions are
related to the short-range order and long-range order of the phonon in the semiconductors
[8], respectively. Better long-range order can be found in fgg €ingle crystals than in
thin films by high-resolution transmission electron microscopy and x-ray diffraction analysis,
although these two kinds of sample have the same fcc structure anggthe{@cules gather
due to van der Waals forces. It is the difference in the phonon state densities that causes
the optical energy gap of the puredSsingle crystal to be narrower than that of the thin
film.

Various experimental studies have given different energy gapségpsdlids, e.g., 1.5-

2.0 eV from ultraviolet photoelectron spectroscopy [13], 1.8 eV from electron energy-loss
spectroscopy [14], 1.5 eV from optical absorption [7], and 2.3 eV from photoelectron
spectroscopy and inverse photoelectron spectroscopy [15]. The HOMO-LUMO energy
gaps calculated by various kinds of method are 1.5-2.6 eV [10-12]. Saito and Oshiyama
[12] reported, using a local density approximation, that the energy gap between,the H
(HOMO) state and the 1], (LUMO) state was about 1.9 eV for theggCcluster, and that

the band gap of solid & with fcc structure was calculated to be about 1.5 eV. Because the
group theory analysis indicated that the HOMO-LUMO transition is a dipole-forbidden one,
the energy gaps of puresgsingle crystals and thin films would be smaller than the values
of Eqp derived from the present PDS measurement (1.63 eV and 1.75 eV, respectively).
Due to the disorder effect, however, the energy gap of sokiglmight be close toEqy,

since in this case there would be no restriction on the lowest optical transition due to dipole
selection rules.
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Table 2. Urbach energies (meV).

fcc Ggp  Orthorhombic  fcc G a-Si:H/SIN
Sample crystal 6o crystal thin film  multilayer film

U (meV) 48 72 62 69

The disorder in solid € can be represented by the Urbach energy, which is exhibited
in the PDS. It is the disorder that results in the difficulty of determination of the energy
gap for solid Go. For region C in figures 3 and 4, the relation betweeand hv can be
characterized by the expression

a =agexphv/U) 2)

where U is the ‘Urbach energy’ which is interpreted as a broadening of the intrinsic
absorption edge due to disorder and related to the transitions from the extended valence
band states to the localized states at the conduction band tail. The larger the vEluthef
greater the compositional, topological, or structural disorder. The Urbach energies (listed
in table 2) are 48, 72 and 62 meV for a fcgg&ingle crystal, an orthorhombicggsingle

crystal and a fcc g thin film, respectively, which are comparable to the value of 69 meV
obtained for an a-Si:H/SIN multilayer film. The fcggsingle crystal has a smaller Urbach
value than G thin film, which gives further proof of the lower degree of disorder in the fcc
Ceo single crystal. There are several possible origins for the disorder in sgdid(©) the
surface is contaminated inevitably by impurities or intercalated by oxygen, since the sample
has been exposed to air for a time; (2) it is easy to produce structural defects such as stacking
faults or irregularly oriented microcrystal boundaries during crystal growth and especially
in preparation of thin film; and (3) since the molecules @f €tate substantially at room
temperature, domains could be introduced which might destroy the long-range order. It is
these disorders that may give rise to the band-tail and sub-gap defect states.

The absorption behaviour below 1.6 eV, i.e. in sub-gap region D in figure 3 and figure 4,
is more complicated. Although the optical energy gaps are coincident for the fcc and the
orthorhombic Gg single crystals (figure 3), the sub-gap states in (b) in figure 3 might be
influenced greatly by intercalation such as with the solvent or impurities. In region D of
figure 3 and (a) in figure 4 the absorption shoulder at about 1.45 eV might be attributed to
the transition between sub-gap states, which reflects the density and distribution of sub-gap
states.

Absorption below 1.4 eV may be substantially influenced by C—H and O—-H overtones.
In order to further elucidate this feature, we have measured the PDS of the quartz substrate
using alcohol and silicone oil as the deflection media, respectively, and also measured the
PDS of various samples in these deflection media. It is observed that the absorption of
solid Gsg is covered on the whole by the absorption of silicone oil below 1.1 eV, while the
influences of the medium upon the absorption gf film in the near-gap region could be
neglected in the present PDS measurement.

4. Conclusions

The spectrum of a & thin film from 0.6 to 6.5 eV is determined by the combination of
PDS with conventional transmission spectroscopy. The weak optical absorption spectra of
solid G are obtained by PDS measurements both for single crystals grown from gas or
solution and for polycrystalline thin films. Several features in the weak-absorption region
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are strikingly similar to those of amorphous semiconductors. The exponential Urbach tail
is attributed to disorder due to unknown impurities or structural defaults. By using a Tauc
plot the optical energy gaps are derived as 1.63 eV for a fcc single crystal, 1.65 eV for an
orthorhombic single crystal and 1.75 eV for pure thin film. Though both have fcc structure,
pure Gy single crystal has an optical energy gap that is 0.1 eV smaller than that of pyire C
thin film, due to the different degrees of disorder. The optical absorption near the energy
gap is extended to the lower-energy side, forming a tail which indicates the existence of
some disorder. It is the disorder that causes the difficulty in determination of the energy gap
for solid Gso. Therefore, it is interesting that the solidgCexhibits a semiconductor-like
behaviour in optical absorption properties and yet retains a molecular character.
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