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ABSTRACT: Amorphous selenium (a-Se) thin films were deposited by vacuum thermal evaporation and investigated
in planar photoconductive structures to evaluate their optical and photoelectrical properties in the low-field regime.
SEM analysis showed continuous film coverage with a thickness of about 250 nm. Raman spectroscopy and X-ray
diffraction confirmed the amorphous structure of the as-deposited films and the formation of trigonal crystalline
selenium after annealing. Optical analysis based on transmission and reflectance spectra yielded an optical band gap
Eg; = 1.96 eV and an Urbach energy Ey = 0.083 eV, indicating localized tail states associated with structural disorder.
The planar devices exhibited nearly linear and symmetric dark current-voltage characteristics within [V| < 10 V,
corresponding to an electric field range of 100-1000 V/cm. Under illumination at A = 633 nm, the photocurrent
showed a sublinear dependence on incident light power density, Lhoto & P, with y = 0.55. The responsivity
increased with the electric field, which indicates more efficient collection of photogenerated carriers at higher bias.
Temperature-dependent measurements over the range 303-343 K showed that both the dark current and the current
under illumination increase with temperature, whereas the relative photoresponse decreases because the dark current
increases more rapidly. Arrhenius analysis yielded effective activation energies 0.836 eV for the dark current and 0.709
eV for the current under illumination. These results show that the optical disorder parameters and the photoelectrical
response are mutually consistent. In weak electric fields, the behavior of planar a-Se films is governed by competition
between thermally activated dark conduction and field-assisted collection of photogenerated carriers.

KEYWORDS: Amorphous selenium; thermal evaporation; low-field photoconductivity; planar photodetector; Urbach
energy

1 Introduction

Amorphous selenium (a-Se) is a classical photoconductive semiconductor widely used in xerography,
xeroradiography, and direct-conversion X-ray detectors because of its high photoconductivity, ability to
form large-area uniform thin films, and compatibility with conventional device architectures [1,2]. Thin a-Se
films also remain of interest for photosensitive and optoelectronic structures, including devices operating
at relatively low voltages [3-5].

In X-ray detectors and related photoconductive structures based on a-Se, high electric fields are typically
employed, and charge transport is commonly analyzed within models developed for strong-field conditions;
in such studies, typical field values are on the order of 10° V/cm and higher [1-3]. At substantially lower
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fields, however, carrier collection becomes less efficient, and the measured current and photocurrent become
more sensitive to localized states, recombination losses, and structural disorder in the amorphous film [4,5].
Recent investigations of Se-containing thin-film devices also indicate that transport, recombination, and
device response remain strongly dependent on material configuration and operating conditions [6].

For amorphous a-Se thin films used in planar structures with a lateral electrode configuration on
the same side of the film, the influence of structural disorder should be taken into account, since the
photoelectrical characteristics are determined not only by the applied field and device geometry but also by
the presence of localized states in the amorphous phase [5]. Since this disorder is reflected in the optical
absorption behavior, the analysis of the photoelectrical behavior of such structures can be carried out
together with consideration of the optical parameters E, and Ey [4,5].

Accordingly, the aim of this work is to investigate thermally evaporated a-Se thin films in planar
photoconductive structures under low-voltage conditions by means of structural, optical, and photoelectrical
characterization, including analysis of current-voltage characteristics, photocurrent, responsivity, and
thermally activated transport processes, and to discuss the photoelectrical behavior in relation to the optical
parameters E, and Ey.

2 Materials and Methods

Thin selenium (Se) films were deposited by vacuum thermal evaporation in a high-vacuum chamber at
a pressure not exceeding 4.2 x 107® Torr. Evaporation was carried out from a quartz crucible loaded with
granulated high-purity selenium (5N, ReaChem). The deposition rate was 1 nm/s, and the source-to-substrate
distance was 10 cm. Polished silicon and quartz substrates were used for film deposition. Prior to deposition,
the substrates were plasma cleaned at 30 W for 15 min to remove surface contaminants. Quartz substrates
with pre-patterned aluminum contacts were used for the fabrication of planar photoconductive structures.
After deposition, the films were annealed at 100°C for 10 min in flowing argon (50 sccm), with heating
and cooling rates of 2°C/min. The film thickness was determined from SEM cross-sections; the average
thickness was 250 + 10 nm.

The structural and phase state of the films was examined by Raman spectroscopy and X-ray diffraction
(XRD). Raman spectra were recorded at room temperature using an NT-MDT Solver Spectrum system
with 633 nm laser excitation; the laser power on the sample was 0.5 mW. XRD measurements were carried
out using a Rigaku MiniFlex 600 diffractometer with Cu K« radiation (X = 1.5406 A). Diffraction patterns
were collected over the 260 range of 5-90°. Data processing, phase identification, and evaluation of lattice
parameters were performed using the diffractometer software.

Transmission T(A) and reflectance R(1) spectra of the amorphous selenium (a-Se) films were measured
in the wavelength range A = 200-1500 nm using an Agilent Cary 5000 spectrophotometer at room
temperature. An uncoated quartz substrate served as the reference. The absorption coefficient a(hv)
[cm™!] was calculated from the measured T(\) and R()), taking into account the film thickness d [nm],
using a homogeneous absorbing film model with reflection losses:

(1 —R(hV))2>

T(h) )

1
athv) =—=In
(hv) = - <
In Eq. (1), the film thickness d was converted from nm to cm to ensure dimensional consistency. In the
spectral region used for band-edge analysis, the interference fringes were not considered. The absorption
coefficient @ was evaluated and analyzed only in the strong-absorption region near the absorption edge,
where the influence of thin-film interference on T(A) is minimized.
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The optical band gap E, [eV] was determined using the Tauc method by linear fitting in the (ochv)l/ Z_hy
coordinates and extrapolation of the linear region to the energy axis. The Urbach energy Ey [eV] was
evaluated from the exponential absorption edge according to the Urbach rule:

a(hv) = og exp (hv) (2)
Ey

For Eyy determination, the linear region of the Ina vs. hv dependence was selected and fitted linearly,
and Ey was taken as the inverse slope of this region.

Current-voltage (I-V) characteristics were measured at room temperature using a Tektronix PWS2326
voltage source and a Keithley 6485 picoammeter, both in the dark and under illumination. The photodetector
had a planar geometry on a quartz substrate, with aluminum electrodes patterned through a mask. The
interelectrode gap was L = 100 pm, and the electrode width was 2 mm. The effective active area used for
responsivity calculations was defined as the interelectrode channel area, S = L- W = 2x 107> cm®.

Photoelectrical measurements were performed under illumination with a 633 nm LED (central
wavelength A, = 633 nm, FWHM AA = 21 nm, specified by the manufacturer). The power density of
light P, [mW/cm?] on the sample was set to 0.31, 1.56 and 4.26 mW/cm?. The photocurrent was defined as

the difference between the current under illumination (Ijjgn) and the dark current (Igark):

Iphoto = Ilight — ldark 3)

The electric field E [V/cm] was estimated as E = V /L. The dependence Lyoto (P) was approximated
by the power law Ipot0 o PAY ; the exponent y was extracted by linear fitting of the experimental data in
double-logarithmic coordinates. The L,po, (P) measurements were carried out at a fixed bias of 10 V.

The responsivity R [A/W] was calculated as the ratio of the photocurrent I,pot0 [A] to the incident
optical power Py, [W]:

I
R= photo ( 4)

P inc
where Py, is the optical power incident on the active area. Since the illumination level was specified as the
light power density P;, P, was determined as P, = P S, where S is the active area of the photodetector.

3 Results and Discussion

SEM analysis showed that the as-deposited Se film formed a continuous layer without visible cracks or
large agglomerates in the examined area (Fig. 1a). The cross-sectional SEM image showed that the film
thickness was about 250 nm (Fig. 1b). These observations indicate that vacuum thermal evaporation under
the selected conditions provides a morphologically uniform film suitable for further structural, optical, and
photoelectrical characterization.

The structural and phase state of the Se films was investigated by Raman spectroscopy and X-ray
diffraction. As shown in Fig. 1c, the Raman spectrum of the as-deposited film is characterized by a broad
band with a maximum near 252 cm™!, which is typical of a disordered atomic arrangement associated with
distorted selenium chains and rings. In addition, a weak feature is observed near 234 cm™!, which may
indicate the presence of a minor fraction of the trigonal phase. After annealing, the broad amorphous band
disappears, whereas the peak near 234 cm™! becomes more intense and narrower, which is consistent with
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the formation of trigonal crystalline selenium [7,8]. Fig. 1d schematically shows the atomic arrangements
in the amorphous and trigonal crystalline films.

To further confirm the phase state of the Se films before and after annealing, X-ray diffraction analysis
was performed. As shown in Fig. 1e, the as-deposited film exhibits a broad diffuse halo characteristic of the
amorphous state, indicating the absence of long-range order. In contrast, the annealed film shows distinct
diffraction peaks assigned to trigonal selenium (space group P3121). The refined lattice parameters are
a=4359A,b=4359A, and c = 4.951 A, which are in good agreement with the reported crystal structure

of trigonal selenium [9].
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Figure 1: (a) Surface SEM image of the as-deposited Se film; (b) cross-sectional SEM image showing the film thickness;
(c) Raman spectra of amorphous (a-Se) and crystallized (c-Se) selenium films; (d) schematic models of the amorphous

network and trigonal Se lattice; (e) XRD patterns of amorphous and crystallized Se films.

Fig. 2a,b shows the transmission and reflectance spectra of the amorphous selenium (a-Se) film. In
the short-wavelength region, the transmittance remains low and increases toward longer wavelengths,
whereas the reflectance exhibits a weaker nonmonotonic spectral dependence. These spectra were used to
calculate the absorption coefficient a(hv), which served as the basis for the subsequent determination of

the optical band gap and the Urbach energy [10].
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Fig. 2c shows the Tauc plot in the (ahv)'/? vs. hv coordinates. A linear region is observed near the
absorption edge, which allows the optical band gap E, to be determined by extrapolating the linear fit to
the photon-energy axis [11-13]. The linear fit was performed in the photon-energy range of 2.09-2.25 eV.
The resulting value was Eg = 1.96 + 0.01 eV [4,5].

Fig. 2d presents the In a versus hv dependence used for the Urbach analysis. A linear segment
corresponding to the exponential increase of « is clearly distinguished. The Urbach energy Ey was
determined according to Eq. (2) as the inverse slope of the linear fit in the photon-energy range of
2.05-2.15 eV. The resulting value was Ey = 0.083 4 0.002 eV [4,5,12,14].

The Urbach energy Ey reflects the exponential tail of localized states near the band edges and local
potential fluctuations caused by structural disorder in the amorphous network. Thus, the parameters E;
and Ey provide a consistent description of the absorption edge in a-Se: E, defines the energetic position
of the interband absorption edge, whereas Ey; characterizes the degree of exponential broadening in the
sub-gap absorption region typical of amorphous semiconductors [12,14]. The obtained values, E, = 1.96 eV
and Ey = 0.083 eV, lie within the range reported for amorphous selenium films and are therefore consistent
with the expected optical behavior of disordered a-Se [4,5].
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Figure 2: Optical characterization of the amorphous selenium (a-Se) film: (a) transmission spectrum; (b) reflectance
spectrum; (c) Tauc plot used for determination of the optical band gap E; (d) Urbach plot (In a vs. hv) used for
determination of the Urbach energy Ey.
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Fig. 3a,b shows the schematic of the planar a-Se photodetector and the optical image of the fabricated
structure. The device has a lateral geometry with aluminum electrodes located on the same side of the
quartz substrate, and the interelectrode gap is 100 um. This configuration corresponds to the planar

photoconductive structure used to investigate the photoelectrical properties of the amorphous selenium
film under low-voltage conditions.
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Figure 3: (a) Schematic of the planar a-Se photodetector with Al electrodes on a quartz substrate; (b) optical image of
the planar structure; (c) dark current-voltage (I-V) characteristic measured at room temperature; (d) photocurrent
Ionoto as a function of incident light power density P at V = 10 “V” (left axis) and responsivity R as a function of Py
(right axis); (e) responsivity R as a function of electric field E at A = 633 “nm” for different illumination levels.
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The dark current-voltage characteristic presented in Fig. 3c is nearly linear and symmetric within the
investigated voltage range. This indicates the absence of pronounced rectifying asymmetry in the contact
configuration used and suggests that, within this bias range, the transport can be considered in terms of a
quasi-linear response of the structure. At the same time, the absolute values of the dark current remain low,
which is important for resolving the photoinduced response at low bias voltages.

Fig. 3d shows the dependence of the photocurrent on the incident light power density at A = 633 nm and
V =10 V. With increasing light power density, the photocurrent increases; however, the dependence is
sublinear. Fitting the experimental data with the power law Ljpot0 ;{ yields y < 1, indicating a deviation
from an ideal linear photoresponse. Such behavior is commonly associated with the influence of localized
states, carrier trapping, and recombination losses, whose contribution becomes significant in amorphous
photoconductive materials at low electric fields [5,12].

The dependences of responsivity on the electric field for different illumination levels are shown in
Fig. 3e. In all cases, the responsivity increases with increasing field, which is naturally related to more
efficient collection of photogenerated carriers as the field strength in the interelectrode channel increases.
At the same time, the responsivity is lower at higher light power densities, which is consistent with
the observed sublinear Lot (P)) dependence. Taken together, these results show that planar structures
based on thermally evaporated a-Se exhibit a stable photoelectric response at low bias voltages, while its
magnitude is governed by the combined influence of the electric field and the incident light intensity.

To further clarify the low-field transport regime, temperature-dependent measurements of the dark
current and the current under illumination were performed in the range 303-343 K at a fixed bias of
5 V. As shown in Fig. 4a, both the dark current ;. and the current under illumination Ij;z;; increase
with increasing temperature. However, the dark current increases much faster than the photoinduced
current increment, defined as Iynoto = light — ldark, Which leads to a monotonic decrease in the ratio
Iohoto/Idark,> as shown in Fig. 4b. This behavior indicates that, in the studied low-field regime, the useful
photoresponse becomes less pronounced with increasing temperature because of the faster growth of the
thermally activated dark current.

The observed behavior is qualitatively consistent with low-field transport in disordered amorphous
selenium involving localized tail states. As the temperature increases, thermally activated release of carriers
from localized states enhances the background dark conduction, in agreement with previous reports that
the dark current in a-Se thin films is thermally activated above room temperature [15]. At the same time,
the photoinduced current increment increases much more weakly, because trapping and recombination
losses remain significant. As a result, the photoresponse contrast decreases with temperature, which is
consistent with trap-assisted transport under weak electric fields.

For a more quantitative interpretation, the experimental data were analyzed in Arrhenius coordinates.
Fig. 4c shows the dependences of InI on 1000/T for the dark current and the current under illumination.
Both dependences are satisfactorily approximated by straight lines, indicating thermally activated
conduction in the studied temperature interval. The effective activation energies determined from the slopes
of these dependences were 0.836 eV for the dark current and 0.709 €V for the current under illumination.
The thermally activated character of the dark current is consistent with previous observations in amorphous
selenium thin films, where activation energies close to 1 eV were reported above room temperature [15].
The stronger temperature dependence of the dark current shows that, in the low-field regime, the thermally
activated background conduction increases faster than the photoinduced current increment.

For the estimation of transport parameters, literature data typical of undoped amorphous selenium

were used [1,2]. According to published data, the typical hole mobility is pj = 0.13-0.14 cm? V1 571,
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whereas the typical ut, range is of the order of 107°-107> cm?/V. On this basis, the carrier drift length
was estimated using the relation I; = p7E in the investigated electric-field range. The obtained values are
of the order of 1-10 um at 100 V/cm and 10-100 wm at 1000 V/cm. Since the interelectrode gap in the
planar structure under study is 100 um, these estimates indicate incomplete carrier collection at low fields
and improved drift collection with increasing field.

It should be noted that the Urbach energy Ey, the sublinearity parameter y, and the observed
temperature dependences of the current are not directly equivalent quantities; however, they are qualitatively
consistent with the general picture of low-field transport in disordered a-Se involving localized tail states
and trapping processes. The nonzero value of Ey reflects the presence of a tail of localized states near
the band edges, whereas y < 1 and the pronounced thermal activation of the dark current indicate the
significant role of trapping and recombination losses in the formation of the photoresponse.
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Figure 4: Temperature-dependent electrical characteristics of the planar a-Se structure measured at a fixed bias of 10
V; (a) temperature dependences of the dark current I« and the photoinduced current increment I;; (b) temperature
dependence of the ratio I n/Izn; (€) Arrhenius plots, In(I) versus 1000/T, for the dark current and the current under
illumination.

Thus, the estimation of transport parameters together with the temperature-dependent measurements
shows that, in the studied range of weak electric fields, the photoresponse of planar a-Se films is determined
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by the competition between the thermally activated increase in dark conduction and the limited collection
of photogenerated carriers. At low fields, the drift length remains smaller than the interelectrode gap, which
leads to incomplete carrier collection, whereas increasing the field improves drift collection, in agreement
with the experimentally observed increase in responsivity.

4 Conclusion

In this work, planar photodetectors based on thermally evaporated amorphous selenium (a-Se) films
with Al electrodes were fabricated and investigated using optical and temperature-dependent electrical
measurements. Optical absorption analysis yielded an optical band gap of E; = 1.96 eV and an Urbach
energy of Eyy = 0.083 eV. These values are consistent with the disordered electronic structure of amorphous
selenium and indicate the presence of localized tail states near the band edges.

The electrical measurements showed that, in the studied weak-field range, the photoresponse is
governed by the competition between thermally activated dark conduction and limited collection of
photogenerated carriers. Literature-based estimates of the transport parameters showed that, at low electric
fields, the carrier drift length, Ly = u7E, remains smaller than the interelectrode gap. This condition leads
to incomplete carrier collection and therefore reduces the photoresponse. Increasing the electric field
improves carrier collection and increases responsivity, in agreement with the experimental results.

Temperature-dependent measurements further showed that increasing temperature enhances the
dark current through thermally activated transport. As a result, the relative photoresponse decreases
even though a measurable photocurrent remains present. Therefore, the performance of planar a-Se
photodetectors in weak electric fields is determined by the balance between field-assisted carrier collection
and temperature-induced growth of dark conduction.

Overall, the results clarify the mechanisms limiting the performance of planar a-Se photodetectors
under low-field conditions. Further improvement requires increasing the effective electric field, reducing the
carrier transit distance, or optimizing the device geometry to enhance carrier collection before recombination
and trapping losses become dominant.
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