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Bismuth oxide (Bi,O3) thin films with thickness in the range
20—160 nm have been deposited by d.c. reactive magnetron
sputtering of Bi in an atmosphere Ar:0O, (1:1), onto single
crystalline p-GaSe (Cu) substrates. The optical constants, n
and k, of oxide films have been determined from the analysis
of the polarization ellipse of the reflected radiation from outer
surface of Bi,O3/p-GaSe structures. In the wavelength range
400—800 nm the refractive index of nanometric Bi,O; films
onto GaSe(Cu) decreases from 2.10 to 1.78 and it seen to in-
crease at decreasing sample thickness.

1 Introduction Bismuth oxide (Bi,0;) is a represen-
tative semiconducting oxide material, showing optical
transparency over a wide wavelength range and significant
values of bandgap, refractive index and dielectric permit-
tivity, as well as marked photoconductivity and photolu-
minescence [1-3]. Owing to their peculiar characteristics,
its thin-film polymorphs are widely used in modern solid-
state technology, in particular, as optical coatings for opto-
electronic devices [4, 5].

As was shown in a series of previous papers [1—-3], the
optical and electrical properties of bismuth oxide thin films
are strongly dependent on both characteristics of deposi-
tion method, which moulds the phase composition of sam-
ples, and substrate nature.

III-VI semiconductors crystallize in form of chal-
cogen—metal—metal—chalcogen (for gallium selenide,
Se—Ga—Ga-—Se) stratified packages. The chemical bonds
between four monoatomic sheets inside a package have
ionic-covalent nature, while between packages are of Van
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In order to determine the interaction mechanism between
semiconducting oxide film and GaSe surface, the spectral
characteristics of photocurrent through Bi,O;/p-GaSe junc-
tion and optical absorption in the range 400—800 nm have
been examined. As resulted from respective analyses, Bi,O;
film generates new valence bonds, which contribute to the in-
crease in the density of localized states at Bi,Os/p-GaSe (Cu)
junction interface.
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der Waals type [6]. GaSe single crystal shows a selenium-
terminated surface, with closed valence bonds. Presence of
a different nature layer leads to formation of new valence
bonds at GaSe surface and consequently, can exert a sub-
stantial influence on electron energy spectrum for both
oxide layer and substrate. In particular, a semiconducting
oxide coating onto semiconductor substrate is able to mod-
ify the energy spectrum of surface states in the substrate
material, allowing selective adsorption of gaseous mole-
cules from the ambient [7].

The characteristics of optoelectronic devices based on
semiconductor—oxide structures are determined by optical
properties of components and charge carrier transport
mechanism through interface layer [8].

This work focuses on the investigation of optical prop-
erties of bismuth oxide films sputtered onto (0001) surface
of Cu-doped GaSe single crystals and amorphous SiO,.
Besides, from experimental study of optical absorption in
single-crystalline GaSe(Cu) layers and of photosensitivity
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for Bi,0,/GaSe(Cu) structures, the influence of semicon-
ducting oxide film on GaSe surface is examined.

2 Experimental GaSe single crystals have been
grown by Bridgmann method [9]. Cu doping with a con-
centration 6.8 x 10'” cm™ has been achieved during chemi-
cal synthesis of GaSe.

In experiments g-GaSe single-crystalline samples with
p-type conductivity have been used. Besides, for compari-
son, specially undoped GaSe single crystals have been ex-
amined, for which N, — N, =10 cm™, where N, and N,
are acceptor and donor concentrations, respectively.

Bismuth oxide thin films were deposited by rf
(40.68 MHz) reactive magnetron sputtering onto amor-
phous quartz and single-crystalline GaSe(Cu) layers at
room temperature (7 =293 K), at a chamber pressure of
107 Torr, in an atmosphere Ar:0, (2:1). Bi (99.999%)
metal was used as sputtering target material.

The crystalline structure of bismuth oxide films and
Bi,0,/GaSe(Cu) structures was examined by X-ray diffrac-
tion (XRD), using a DRON-2 apparatus (Cu K, radiation,
A=1.5418 A).

In the study of the transmission and reflection spectra
of bismuth oxide films and single-crystalline GaSe(Cu)
layers a double-beam SPECORD UV-VIS M-40 spectro-
photometer was used.

In the region of fundamental absorption edge, the ab-
sorption coefficient (&) of plan-parallel sample with thick-
ness d was determined by using the relationship [10]:

T =[(1-R)* exp (—ad)]/[1- R* exp (2ad)], )
valid for normal incidence and in absence of interference
effects, where T and R denote the transmission and reflec-
tion factors, respectively.

The thickness of bismuth oxide films in the range
d>100 nm was measured by an interferometric method
[11]. For thinner films both thickness and dispersion of
optical functions #» and k (the refractive index and the
extinction coefficient, respectively) were determined from
the analysis of the polarization ellipse for reflected radia-
tion from the sample surface. The optical constants have
been determined by using the following equations [12]:

cos’ 2p—sin® 2psin® A
(1—sin® 2p cos A)2

n —k>=sinp|1+tg’ ¢

2

and
sin 2p cos 2p sin 4
(1-sin* 2p cos A)z ,

nk =sin* p tg* ¢ 3)

where ¢ is the angle of polarization (in the vicinity of the
Brewster angle) of the incident light, A is the phase differ-
ence between waves with polarizations “p” and “s” (paral-
lel and perpendicular to the incidence plane, respectively),
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and p =arctg \/ R,/R, (with R, and R, denoting reflectances
for two polarizations). The spectral characteristics A(A4)
and p(A) in the range 400—800 nm have been recorded by
a photometric equipment including a monochromator with
diffraction grating (600 mm™). Glann—Thompson prisms
were used to set linear light polarization and to analyze po-
larization state of the reflected radiation (together with a
quartz compensator).

The photoelectromotive force generated by Bi,Os/
GaSe(Cu) structure was measured by a V7—-30 electrom-
eter with an input resistance of ~10"* Q.

3 Results and discussion XRD analyses (Fig. 1) in-
dicate presence of three main phases in examined bismuth
oxide/GaSe(Cu) structures. Together with two intense
peaks of e-GaSe located at 28° and 49°, assigned to crys-
talline planes (103) and (1014), respectively, two reflec-
tions characteristic to bismuth oxide can be evidenced and
they belong to B-Bi,0; and 8-Bi,0;. Their line profiles are
rather wide, which indicates polycrystalline nature of the
semiconducting oxide layer. Crystallite mean dimension
(D) was estimated by means of Debye—Scherrer’s formula
[13]:

D=0.944/acos 6, 4
where A is X-ray wavelength, @ is Bragg diffraction angle,
and a is angular full width at half maximum intensity
(FWHM). For 113 nm thick films, the resulted mean di-
mension of B-Bi,0; crystallites is about 56 nm. As struc-
ture investigations show (Fig. 1), the phase composition of

GaSe (103)
B-Bi.0, (220)
GaSe (1014)

GaSe (008)
GaSe (118)

&-Bi,0, (1)

Intensity (arb.units)

40 50
(degree)

20

Figure 1 XRD patterns for Bi,O3/GaSe(Cu) structures; thick-
ness of bismuth oxide film: 1 — d=28 nm; 2 — d=113 nm;
3-d=157 nm.
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Figure 2 Spectral dependence of the absorption coefficient of
Bi,0; films onto SiO,.

bismuth oxide films (B- and 3-Bi,0;) is not influenced by
film thickness

The optical absorption of bismuth oxide samples was
examined. In Fig. 2 the absorption spectrum of bismuth ox-
ide films onto SiO, is illustrated. For samples with thick-
ness between 26 nm and 153 nm the absorption coefficient,
as determined from Eq. (1), ranged between 6 x 10° cm™
and 480 cm™. By extrapolating the linear part of a(hv)
curves to zero value of the ordinate the optical bandgap
(Ey,) of polycrystalline diphasic bismuth oxide films at
room temperature (293 K) can be determined and was
found as 3.2 eV.

One can observe that in the high transparency spectral
region (hv< E,,), the obtained values of the absorption co-
efficient (@) also include radiation losses due to micro-
structural defects (intercrystallite boundaries, presence of
crystalline phases with different optical constants, etc.).
These losses are also responsible on variation of o with
sample thickness. In order to suppress the influence of film
thickness, the spectral characteristics of the extinction co-
efficient (k) and refractive index (n) have been calculated
from the analysis of the polarization ellipse for reflected
light at bismuth oxide-air interface, by means of Egs. (2)
and (3).

Figure 3a shows dispersion of the extinction coefficient
k(A) for bismuth oxide films with different thickness
(d=63 nm and d = 158 nm), deposited onto (0001) surface
of Cu-doped GaSe (0.05 at%). As can be observed from
this figure, in the spectral range 400—800 nm the extinc-
tion coefficient is decreasing from 7 x 107 to 3.1 x 107, At
the same time, for a fixed wavelength, its value is seen to
increase at decreasing sample thickness, indicating an ad-
ditional absorption of thinner samples, which is due to in-
creased role of surface absorption (transitions occuring on
the surface energy states) in comparison to the bulk ab-
sorption. Curve 1 (Fig. 3a) illustrates dispersion of the ex-
tinction coefficient calculated from « values (Fig. 2). As
can be ascertain from comparison of curves 1-3, the opti-
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1: Bi,O, onto SiO,, calculated from Fig. 2
2: Bi,O, onto GaSe, d=158 nm
7 3: Bi,O, onto GaSe, d=63 nm
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Figure 3 Spectral dependence of the extinction coefficient for
Bi,0; films: (a) 1 — onto SiO,, calculated from spectral character-
istics in Fig. 2; 2 — onto GaSe, thickness d= 158 nm; 3 — onto

GaSe, d=63 nm. (b) Dispersion of refractive index of Bi,Os
films onto GaSe(Cu).

cal functions of substrate (especially its refractive index)
exert a sensible influence on the value of the extinction co-
efficient of bismuth oxide films.

The slow decrease of the extinction coefficient in a
rather wide photon energy range, 3.8—1.5 ¢V, indicates
presence of a substantial spectrum of energy states within
semiconductor bandgap. This is strongly influenced by lat-
tice deformations and electric fields that manifest at grain
boundaries within polycrystalline thin-film samples. Their
influences are very likely, taking into account polycrystal-
line and diphasic (B- and 8-Bi,0;) nature of actual oxide
films.

A similar spectral dependence can be observed for the
dispersion of the refractive index n(A) (Fig. 3b). The re-
fractive index of bismuth oxide film with thickness 158 nm
is seen to decrease from 2.18 to 1.69, for wavelengths in
the range 400—800 nm. Besides, for a fixed wavelenght,
it is increasing at decreasing sample thickness, in the case
of bismuth oxide films onto GaSe(Cu). We mention that
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Figure 4 1 — Spectral characteristics of the absorption coeffi-
cient of single-crystalline GaSe(Cu) layers; 2 — Spectral charac-
teristics of the photoconductivity for GaSe(Cu) layers; 3 — Spec-
tral distribution of the open-circuit voltage for Bi,O3/GaSe(Cu)
structure. Thicknesses: Bi,Os films — 130 nm; GaSe(Cu) layer —
12 pm. Doping content: 0.05 at% Cu. Inset: Plots of the open-
circuit voltage vs. inverse of absorption coefficient for the
Bi,05/GaSe(Cu) junction.

this behavior is more pronounced for smaller thickness
samples.

Figure 4 presents the absorption spectrum of single-
crystalline GaSe(Cu) layers (curve 1), their photoconduc-
tivity spectral characteristics (curve 2), as well as the spec-
tral dependence of the open-circuit voltage (AU) for
Bi,0,/GaSe(Cu) junction illuminated through Bi,O; layer
(curve 3).

As can be observed from curves | and 2, at photon en-
ergies hv>2.1eV the photoconductivity of single-
crystalline GaSe(Cu) layers increases together with the ab-
sorption coefficient ¢. If one takes into account that actual
thickness of GaSe layer (about 12 pm) fulfills the con-
dition for complete photon absorption within sample,
ad > 1, then one can consider that photoconductivity is
proportional to total number of absorbed photons, A4:

Ao~A-t, 5)
where 7is lifetime of nonequilibrium charge carriers. For a
low-level excitation of sample, it can be considered to be
constant.

The linear increase of the absorption coefficient and
photoconductivity in the depth of the fundamental absorp-
tion band do attest small recombination rates of the non-
equilibrium charge carriers through surface states in
GaSe(Cu) layers.

When exciting Bi,0,/GaSe(Cu) structure (by illumi-
nating through Bi,O; film) with photons of energy
hv>1.7 eV, separation of non-equilibrium charge carriers
within junction occurs. The open-circuit voltage (AU)
reaches its maximum for the energy corresponding to Cu
impurity absorption band (#v=1.88eV) and tends to
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markedly decrease at increasing photon energies. Taking
into account that the edge of the absorption band of
GaSe(Cu) layer actually coincides with that of AU(Av)
spectral characteristics, as well as the magnitude of «, one
can consider that generation of non-equilibrium charge car-
riers takes place in an about 1—10 pm thick GaSe(Cu)
layer by Bi,0,/GaSe(Cu) interface. The slow decrease of
AU at increasing « values indicates presence of short life-
time surface states; these are produced by atoms inside
Bi,0; layer, which form new valence bonds with Se atoms
by surface of Se—Ga—Ga—Se package.

If one consider that ad, < 1, where the depth of gen-
eration of non-equilibrium charge carriers in GaSe(Cu)
layer by junction interface (d,) is lesser than hole diffusion
length (L,), and recombination rate at Bi,O,/GaSe(Cu) in-
terface is independent on the exciting level (illumination
intensity), then the open-circuit voltage can be described
by a monotonic function of ay/(aL,+ 1) [14], where J, is
the flux of the incident photons. By analyzing AU(1/«) de-
pendence (Fig. 4 Inset) hole diffusion length in GaSe(Cu)
layer by Bi,0,/GaSe(Cu) interface can be determined. By
extrapolating the linear part of this curve to the abscissa
axis, L, = 1.7 um was found.

4 Conclusion RF reactive magnetron sputtering of Bi
targets onto GaSe(Cu) in an atmosphere Ar: 0, (2:1) leads
to deposition of polycrystalline diphasic (- and 5-Bi,0;)
bismuth oxide films.

The optical bandgap of bismuth oxide films onto amor-
phous quartz at temperature 7= 293 K is equal to 3.2 eV.

As resulted from the analysis of the polarization ellipse
for the reflected light from Bi,0;/GaSe(Cu) junction, in the
spectral range 400—800 nm both optical functions n(A)
and k(A4) of bismuth oxide films onto single-crystalline
GaSe(Cu) decrease with increasing film thickness.

Bi,0,/GaSe(Cu) junctions show photogeneration prop-
erties for photon energy range 1.5-3.0 eV.

Presence of Bi,O; film leads to formation of new va-
lence bonds at GaSe(Cu) crystal surface, resulting in in-
creasing density of short lifetime surface states.

By analyzing spectral characteristics a(/v) and AU(hv)
hole diffusion length in the Bi,0,/GaSe(Cu) junction layer
was found as 1.7 pm.
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