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Femtosecond-laser direct-write photoconductive patterns on tellurite glass
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We report the formation of arbitrary photoconductive patterns made of tellurium (Te) nanocrystals
by exposing a tellurite (TeO2-based) glass to femtosecond laser pulses. During this process, Te/TeO2-
glass nanocomposite interfaces with photoconductive properties form on the tellurite glass substrate. We
show that these laser-written patterns exhibit a photoresponse, from the near ultraviolet (263 nm) to the
visible spectrum, stable over a few months. Specifically, high responsivity (16.55 A/W) and detectiv-
ity (5.25 × 1011 Jones) of a single laser-written line pattern are measured for an illumination dose of
0.07 mW/cm2 at 400 nm. This work illustrates a pathway for locally turning a tellurite glass into a
functional photoconductor of arbitrary shape, without adding materials and using a single laser process
step.
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I. INTRODUCTION

Recently, we demonstrated that upon near-IR femtosec-
ond (fs) laser exposure, the tellurite (TeO2-based) glass
evolves into a semiconductor-glass composite [1] consist-
ing of trigonal tellurium (t-Te) nanocrystals embedded in
a TeO2 glass matrix. Extensive investigation revealed that
the laser-modified zones show evidence of t-Te nanopar-
ticles and nanocrystals with a low amount of amorphous
Te(a-Te) upon a single femtosecond laser pulse exposure
of TeO2-based glass [2]. In particular, it leads to the forma-
tion of a Te/TeO2-glass interface at the surface, at which
the ratio of phases depends on the laser-processing param-
eters. This process is based on a scalable laser direct-write
technology by focusing a femtosecond laser on the surface
of a glass substrate and scanning the laser spot to form
patterns with arbitrary lengths and shapes.

Several authors reported the production of TeO2/Te
interface by surface oxidation of pure tellurium thin films
[3–6]. In these studies, the oxidation process was driven
by ultraviolet (UV) irradiation or by cw lasers operat-
ing at 440–520 nm [7], and several functional properties,
e.g., photoconductivity [3,4,8,9], ultrahigh chemical sen-
sitivity [10,11], and better optical properties than Te and
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TeO2 [12], were demonstrated. Here, we follow a differ-
ent path. Starting from glass, a TeO2-based transparent
substrate of arbitrary thickness, we use femtosecond laser
pulses to transform it into a pure t-Te phase locally and
with micron-scale resolution. Apart from its inherent ver-
satility since any patterns can be produced on any substrate
form and size in an open air at room temperature, this
approach has the potential to be simple, efficient, and eco-
nomical. Thanks to a single process, the functional device
is produced by transforming a plain glass substrate locally
without adding any other materials.

In the following, we demonstrate this concept by inves-
tigating the photoconductive properties of the Te/TeO2-
glass interface produced by direct-write femtosecond laser
exposure. Specifically, we unravel a highly reproducible
photoresponse under different illumination conditions in
the near ultraviolet to the visible (UV-VIS) spectrum that
we characterize for various laser-exposure parameters and
illumination conditions. This single process is particularly
appealing for light-sensing devices of arbitrary sizes and
shapes made by functionalizing a single piece of material.

II. EXPERIMENTAL SECTION AND METHODS

A. Glass-substrate preparation and femtosecond-laser
micromachining

The glass composition tested in this study is 10K2O-
10WO3-80TeO2 (mol%). Commercial powders were
mixed and melted in an Au crucible at around 973 K for
30 min in an electric furnace to produce the substrates. The
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melt was then quenched onto a brass plate. After quench-
ing, the sample was crushed and remelted at 973 K for
30 min, followed by subsequent annealing at 598 K for 1 h.
The so-obtained glass rods were cut and optically polished
to samples with a thickness of 1 mm for further optical
characterization and femtosecond-laser machining.

A Yb-doped femtosecond fiber laser (Yuzu from Ampli-
tude) emitting 270-fs pulses at 1030 nm was used in this
experiment. Laser patterns consisting of parallel lines with
several lengths from 1 to 10 mm were inscribed on the
surface of the tellurite glass. The specimen was translated
under the laser focus using high-precision motorized stages
(Ultra-HR from PI Micos). The laser beam was focused
on the surface of the sample using a 0.4 numerical aper-
ture (NA) objective (OFR-20×-1064 nm from Thorlabs),
resulting in a spot size (defined at 1/e2) of approximately
1.97 μm. The repetition rate was fixed at 1 MHz, corre-
sponding to a thermal cumulative regime for tellurite glass
[1]. Here, the number of effective pulses per spot varies
from 20 to 4000, and the range of pulse energy spans from
1 to 200 nJ, resulting in an incoming net fluence ranging
from 0.0066 to 263 J/mm2. Further details on the exposure
parameters can be found in our previous study [2].

B. Sample characterization

After laser exposure, the tellurite glass samples were
first observed using an optical microscope (OM, BX51
from Olympus). A Raman spectrometer (LabRam HR
from Horiba), equipped with a 532-nm laser excita-
tion source attenuated down to 4 mW, focused with a
0.9 NA objective (100×-532 nm from Thorlabs) down to
a micron-size spot was then used to confirm the presence
of elemental Te nanocrystals in laser-modified zones. Fur-
ther, another Raman spectrometer (MonoVista CRS+ from
Spectroscopy & Imaging GmbH), equipped with a 442-nm
laser-excitation source (He-Cd laser from Kimmon Koha)
with an incident power of 115 mW was used to investigate
the degradation mechanism under UV-light irradiation.
The linearly polarized Raman laser beam was focused on
the surface of the glass sample using a 0.9 NA objec-
tive (50×-532 nm from Thorlabs). A series of point scans
were performed with acquisition times of 60 s per indi-
vidual spot. Finally, the absorption spectra were measured
at room temperature for wavelengths ranging from 250 to
2500 nm using an ultraviolet-visible-near-infrared spec-
trometer (UV-VIS-NIR, Lambda 950 from Perkin Elmer).
For this purpose and to isolate the functionalized regions
in the substrate, a mask with a hole of around 2 × 2 mm2

was cut out of a paper sheet for broadband absorbance. For
the measurement, the reference beam power was attenu-
ated to 10% to compensate for the presence of the mask
and to ensure the effective reduction of the beam size from
the original 2 cm in diameter. The thickness of the sample
used for this transmission measurement was 2 mm.

C. Electrical measurement, device fabrication, and
characterization

First, the dc resistivity of the laser-written tracks was
measured by a four-probe station equipped with a micro-
scope connected to a source measurement unit (SMU
B2902A from Keysight) applying a bias voltage of 40 V.
A control software (Quick I/V Measurement Software
from Keysight) was used to obtain the data. The tung-
sten probes were placed on the sample with the help of
high-precision adjustments. The conductivity temperature
dependence was measured by slowly heating the sample
from room temperature to 368 K using a heating stage.

To fabricate the device used for probing the photo-
conductivity, thin gold electrodes (approximately 20 nm
thick) were sputtered (JFC-1200 Fine Coater from JEOL).
For obtaining the desired shape of electrodes, a hard
mask made from fused silica glass by a femtosecond-laser
machining-assisted etching process was directly placed on
the tellurite glass before sputtering, as shown in Fig. S1
(see Supplemental Material [13]). Later, wire bonding
(HB10 wedge and ball bonder from TPT) with either Au or
Al wires was used to interface the glass laser-written lines
with a standard printed circuit board (PCB). To ensure the
wires were attached to the sample and the PCB over long
measurement periods, the electrodes were covered with
Ag-based electrically conductive epoxy (H20E-FC from
epoxy technology; the resistivity is less than 0.04 � m at
room temperature). The epoxy was later cured at 393 K for
15 min.

After the device fabrication, characteristic transient
current-voltage responses were collected with a source
measurement unit (SMU B2902A from Keysight). Various
light sources were used for the photoconductivity measure-
ments: a white-light LED (spectral range spanning from
450 to 750 nm) and three other LEDs with central wave-
lengths at 460, 400, and 263 nm emitting various optical
intensities (up to 2.1 mW/cm2). The spectral profiles of
the LED sources are presented in Fig. S2 (see Supple-
mental Material [13]). After collimation, a cylindrical lens
was used to create a stretched elliptical illumination profile
covering the laser-written patterns with an area of approx-
imately 200 mm2. The same measurement was performed
for at least ten different lines for statistical purposes and
over a few months to investigate the long-term stability
of the material transformation. Here, 1 month refers to 30
days of consecutive measurements. Figure 1 illustrates a
schematic representation of the device fabrication and the
characterization procedure.

III. RESULTS AND DISCUSSION

A. Electrical and optical properties

The electrical conductivity of pure TeO2 glass and
binary TeO2 glass systems are based on a small radius
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(a) (b) (c) (d)

FIG. 1. Schematic representations of the device preparation steps (a)–(c) and photoconductivity characterization method (d). (a)
Femtosecond-laser direct-write process applied to tellurite glass: the line patterns were produced by moving the specimen under the
laser beam at a prescribed velocity. (b) The fabrication of Au electrodes at both ends of the sample was performed by sputtering the
metal through a hard mask to protect the central portion. (c) Wire bonding was used to connect the electrodes on the specimen to a
standard PCB on which the glass substrate was mounted. (d) Device characterization was performed by applying a bias voltage ranging
from −40 to +40 V through the PCB pins. The illumination source for photoconductivity characterization was delivered in the form
of a thin elliptical spot exposing individual line patterns separately.

polaron hopping mechanism at and above room tem-
perature [14]. Depending on the glass modifier oxides,
there can be an additional contribution from ionic con-
ductivity. The composition studied in this work [10K2O-
10WO3-80TeO2 (mol%)] has a reported electrical resistiv-
ity (dc) at room temperature of 1.4 × 1018 � m (drops to
1.14 × 1014 � m at 373 K) [15].

Figure 2 illustrates electrical properties, such as the
effect of laser-processing parameters and temperature on
the resistivity of the Te/TeO2-glass nanocomposite inter-
face, and optical properties, such as absorption spectra,
direct and indirect band-gap plots for the pristine and
laser-modified area. The resistivity of the pattern was cal-
culated from the measured resistance and its effective
dimensions [i.e., cross section and length derived from
both the images taken by OM and transmission elec-
tron microscopy (TEM) [2], respectively]. The resistivity
of the pattern decays from approximately 50 � m to
approximately 0.001 � m with the increasing number of
pulses [Fig. 2(a)]. Several parameters, such as the sur-
face area of grain boundaries, preferred grain orientation,
presence of impurities, crystallographic defects (vacan-
cies), and other structural defects, influence dc resistivity
[16]. We showed that the laser-modified area consists
of Te nanocrystals (with a grain size range of approxi-
mately 5–15 nm) growing proportionally with the number
of laser pulses and the laser electric field intensity [2].
Low laser fluence results in thinner crystallized areas with
disconnected nanocrystals, more susceptible to charges,
impurities at the interface, and surface scattering. Through
the grain-growth mechanism stimulated by higher laser flu-
ence in the thermal-cumulative regime, the value reaches
the resistivity of polycrystalline bulk Te [17–19]. How-
ever, no correlation was observed between the orientation
of the laser electric field and the resistivity of line pat-
terns. All patterns tested from this point were written
at a pulse energy of 200 nJ and with 4000 pulses per

focal spot (corresponding to an incoming pulse fluence of
262 J/mm2).

Figure 2(b) shows the temperature-dependent relative
resistivity of the laser-written lines, reflecting a typical
semiconductor behavior due to the thermally active
charge transportation. The inset illustrates the activa-
tion energy, estimated to be approximately 0.6 meV
using an Arrhenius-law fitting procedure (ln RT vs. 103/T)
[16,20,21].

Figure 2(c) presents the absorption spectra of the
pristine glass versus the laser-written area of 2 × 2 mm2.
The laser-written area shows broadband absorption in
the solar spectral emission range, decreasing continuously
towards the bandgap energy of t-Te (0.34 eV or 3600 nm).
While it is above 80% in the visible spectrum, there is a
sharp rise in absorption below 460 nm, reaching the max-
imum value between 330–410 nm. It was reported else-
where that Te nanoparticles between 10 and 120 nm show a
plasmoniclike resonance-dominated transition in the spec-
tral range approximately 300 to 400 nm [22]. There,
similar to our study in which the size of nanocrystals
and nanoparticles is distributed between approximately
5 and 55 nm, the absorption spectra of Te nanoparti-
cles (with sizes ranging from 10 to 300 nm) cover the
entire solar-emission spectrum from 300 to 2000 nm [22].
The absorption spectra can be modulated by the laser-
writing parameters, as shown in Fig. S3 (see Supplemental
Material [13]).

Figure 2(d) shows Tauc plots [23] of both direct and
indirect band-gap model behaviors. While a linear region
(and hence, a band-gap value) is identifiable for the
nonexposed case, the laser-exposed regions exhibit less
pronounced linear zones that may account for their disor-
ganized structures and interfacial effects. A shift towards
lower energy, both in the direct and indirect optical band-
gap models, is observed as an expected consequence of the
presence of Te nanocrystals after laser exposure.
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(a) (b)

(c) (d)

FIG. 2. (a) Effect of the laser-writing parameters on electrical (dc) resistivity of line patterns. (b) Effect of the temperature on the
resistivity of laser-written patterns with the inset image of the Arrhenius-law fitting. (c) Measured UV-VIS-NIR absorption spectra of
the pristine and laser-written area (2 × 2 mm2). (d) Corresponding Tauc plots of pristine and the laser-written area, considering both
indirect and direct band-gap absorption models.

B. Photoconductive properties and long-term stability

The p-type behavior of Te originates from the p-state
lone-pair electrons that form the upper level of the valence
band [24]. The population of holes in the p-type conduc-
tion band comes from the interaction of these lone-pair
electrons with dangling bonds. The photoconductivity can
occur at interfaces, such as at the surface or within grain
boundaries, due to vacancies or impurities, due to the
variation in hole concentration [11]. In the present case,
the laser-modified zone consists of a heterogeneous struc-
ture of polycrystalline Te, amorphous Te, and TeO2 in a
glassy phase [2]. The photoconductivity involves multi-
ple conduction mechanisms as opposed to simpler, well-
defined Te/TeO2 interfaces as reported in Refs. [3,4,8]. In
addition, gas surface adsorption processes, affecting the

population of holes can take place during the measurement
[4,5,11].

To avoid manual manipulations while testing the pho-
toconductivity of the laser-written patterns, we designed
a specific device in coplanar configuration, illustrated in
Fig. 1(d). The electrodes in the form of a thin film of Au
at both ends of the line patterns are connected to a PCB by
wire bonding. We conducted a current-voltage (I-V) char-
acterization and calculated their responsivity, detectivity,
external quantum efficiency, and generated photocurrent
by varying optical power density. Additionally, we deter-
mined the spectral and temporal photoresponses of the
patterns. The results are gathered in Fig. 3.

The spectral response of the Te/TeO2-glass nanocom-
posite is demonstrated in Fig. 3(a). It exhibits a strong
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(a) (b)

(d) (e)

(c)

FIG. 3. (a) Spectral response of the device per unit of incident light power. (b) I -V curve with and without illumination with various
voltage biases (−40 V to +40 V). (c) Typical temporal evolution with different optical power densities (0.07–2.1 mW/cm2). (e)
Responsivity, detectivity, EQE (%), and generated photocurrent of Te/TeO2-glass nanocomposite structure. (e) Photocurrent rise and
decay time for a line pattern. All measurements are performed under an open-air atmosphere at room temperature.

absorption at approximately 400 nm, leading to the
highest photocurrent output. The spectrum of the white
light is presented in Fig. S2 (see Supplemental Material
[13]). Although the center peak is located at approxi-
mately 600 nm, radiation below 460 nm can contribute
to the observed photoresponse under white-light illumina-
tion. I-V curves obtained without and with illumination in
both forward and reverse bias are displayed in Fig. 3(b).
The typical I-V curve deviates from Ohmic contact in the
range of −40 V to +40 V. The absolute semilog I-V curve
is presented in Fig. S4 (see Supplemental Material [13]).
In the dark current for a zero-bias voltage, we measure
near-zero current (3.7 × 10−10 ± 1 × 10−10 A). The elec-
trical conductivity in the device is controlled mainly by
the conductive part of the laser-modified zones, interfaces,
and structural impurities and defects [25]. For the current
to flow, the device in this scheme requires a bias volt-
age above zero. Once the bias voltage exceeds the internal
barrier voltage (around 1 V in this case) and the knee volt-
age (or breakdown voltage for reverse bias) is surpassed,
the external electric field supplies extra carriers. By illu-
minating the active area of the device, the current rises
as a function of optical power density. The photocurrent
at 400 nm versus optical power density follows a typical
square-root-like relation, typically observed in the case of
high resistances.

Figure 3(c) shows the temporal response of laser-written
patterns under the illumination of 400 nm with different
optical power densities. From this graph, we calculated the
responsivity (Rph), detectivity (D*), and external quantum
efficiency (EQE), which are a figure of merit (FOM) for
the photodetecting properties of our laser-written patterns
on tellurite glass. R indicates the generated photocurrent
per unit area, D* displays the ability to differentiate weak
signals from noise, and EQE the number of charge carriers
(electron-hole pairs) collected per photon incident on the
photodetector [26]. They are expressed as

Rph = �I
AP

, where �I = Iph = Ilight − Idark,

D∗ = Rph
√

A√
2eIdark

,

EQE (%) =
(

hcRph

eλ

)
≈

[
Rph

λ

]
× 1240

(
W

nm
A

)
,

where I ph, I light, I dark, P, A, e, h, c, λ are the generated
photocurrent, the current measured under illumination, the
dark current, optical power density, the effective covered
area with Te on the TeO2-based glass, the charge of an
electron, the Planck constant, the speed of light, and the
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illumination source wavelength, respectively. At 400 nm
and under an exposure dose of 0.07 mW/cm2, the peak
responsivity and detectivity of the device are calculated
to be approximately 16.55 A/W and 5.25 × 1011 Jones,
respectively. The responsivity is reduced with the optical
power density, a behavior similar to various Te photode-
tectors [4,8,27–30], which is attributed to defect states in
the laser-modified zones. Photogenerated holes under low
optical intensity are captured by the defect states near the
valence band and reduce the amount of recombination of
electron-hole pairs. However, under high optical inten-
sity, a low number of photogenerated holes are captured,
due to the limited number of defect states. Therefore, the
laser-modified zone is more sensitive under lower light
intensities. A similar trend is observed in the EQE (%)
plot, which is directly proportional to the responsivity
and inversely proportional to the light intensity. Note that
the calculated responsivity, detectivity, and EQE indicate
the peak values, which can alternate due to geometri-
cal uncertainties, i.e., fluctuation in the active part of the
laser-modified width, connectivity, and homogeneity of
nanocrystals in the laser-modified zone. The generated
photocurrent follows an empiric power law in the form:

Iph = βPα ,

where α is a dimensionless exponent (≤ 1), providing
information related to the number of traps (or defect states)
present, and β is a parameter related to the photodetector
responsivity [31]. α equals 1 in an ideal trap-free pho-
todetector but becomes less than 1 in the presence of trap
states. In our case, α is 0.46, showing that most traps are
already filled at lower optical power densities. Additional
illumination power raises the photocurrent less efficiently.
The internal quantum efficiency (IQE), the ratio of the
number of charge carriers or electron-hole pairs gener-
ated to the number of photons absorbed [32], is 50.12%
for the same illumination conditions (with 97.73% absorp-
tion at 400 nm). There are a few possible reasons why a
high absolute responsivity and high EQE (i.e., >100%)
are measured. The higher external bias voltage above
the barrier voltage leads to the generation of additional
“non-light-driven” electron-hole pairs. At the illumination
wavelength, which is much higher than the band gap of
Te (0.34 eV [33] in homogeneous bulk tellurium but can
be engineered up to approximately 1.42 eV by modulating
its size at nanoscales [34]), more electron-hole pairs can
be stimulated by avalanche multiplication per photon in
the active region of the device. In addition, trapped minor-
ity carriers, electrons in our case, at the various defective
states in our system, further enhance the internal gain.
Although more than 100% EQE is not common, a high
internal gain is possible by avalanche carrier multiplica-
tion [35], such as by metal-semiconductor-metal (M -S-M )
photodetectors or p-i-n photodiodes [36].

The temporal evolution of the Te/TeO2-glass nanocom-
posite is displayed in Fig. 3(e). The rise time, the time
required for current to increase from 10% to 90% of its
peak value under illumination, is one of the key parame-
ters to evaluate a photodetector performance. We measured
an average rise time of about 20 s, which is rather low.
The carrier mobility of Te typically ranges from 20 to
50 cm2/Vs at room temperature [37]. The mobility is also
affected by the contribution of carriers present near the
Te/TeO2 interface [30]. Therefore, the delay in the rise
time of the Te/TeO2-glass interface is attributed to several
factors, such as the existence of charge impurities, defects,
or trap states. A decrease in the mobility of carriers can also
be due to surface texture originating from the laser-induced
self-organized nanostructures [1]. In addition, high photo-
conductive gain results in an excessive number of carriers
(generally referred to as photomultiplication [38]), which
is a slow process because the photocurrent generation rate
is higher than the recombination rate in our case during
the rise time. In contrast, the decay time, which is the time
required for the current to decrease from 90% to 10% of its
peak value, is an order of magnitude slower. Likewise, a
slow photoconductive decay response can be attributed to
a large number of recombination centers, the presence of
many trap levels, and defect states within the band gap as
such that recombination of minority carriers takes a longer
time [39]. Relaxation curves are best fitted with a sum of
two exponential functions, expressed as

Iph(t) = Idark + A1e−(t/τ1) + A2e−(t/τ2),

where A1 and A2 are weight coefficients, and τ 1 and τ 2
are the characteristic decay constants (effective relaxation
times) [40,41]. While the average rise time is approxi-
mately 20 s, the decay time is about an order of mag-
nitude longer [42]. This persistent photoconductivity is
also observed in amorphous, metal-oxide semiconductors
and wide-band-gap semiconductors [43,44]. Various rea-
sons for the persistent photoconductivity are the presence
of oxygen vacancies located within the band gap [43],
large spatial fluctuations of the potential energy of charge
carriers [44], point defects, and metastable defects [45].
In some cases, the persistent behavior can take a few
hours to days without illumination. This behavior can be
eliminated by designing a device with a three-gated ter-
minal in a sandwich configuration, such as a field-effect
transistor device structure, and subsequently by applying
a short-pulse positive gate voltage [43,46]. For different
wavelengths, Fig. S5 (see Supplemental Material [13])
shows the spectro-temporal evolution of the line patterns.
The rise time is 82 s for white light, 55 s for 463 nm, and
41 s for 263 nm. The decay times for white light, 463 and
263 nm under the same illumination conditions are 411,
207, and 286 s, respectively. Various Te-based photodetec-
tor (whether macro- or nanoscale, from ultraviolet to near
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TABLE I. Comparison of spectral range, responsivity, detectivity, the rise and decay time, and the stability of Te nanostructures and
common photoconductive materials.

Sample
Spectral

range (nm)
Responsivity at

RT (A/W) Detectivity (Jones)
The rise and
decay times Stability

This work 263, 400, 463 nm
and white light

16.54 at 400 nm and
0.07 mW/cm2

5.25 × 1011 at 400 nm 20 and 236 s Cycling more than
2 months

Te nanowires [50] 633 nm ··· ··· 40 and 40 s Cycling for 100
times

2D Te nanoplates
[51]

413–550 nm 389.5 at 473 nm and
76.2 mW/cm2

··· 4.4 and 2.8 s Bending for 100
times

2D Te nanoflakes
[29]

1550 nm 51.85 at 1550 nm
and
0.51 mW/mm2

1.88 × 1010 19 and 21 μs ···

2D Te nanoflakes
[52]

520, 1550 and
3390 nm

383 at 520 nm and
1.6 nW

··· ··· ···

2D Te nanoflakes
[46]

1400–2400 nm 16 at 1700nm 2 × 109 Order of few
seconds each

···

2D Te nanosheets
[28]

350–400 nm 13.4 × 10−6 at
350 nm and
2.17 mW/cm2

3.1 × 107 54.5 and 70.2 ms Cycle stability for
10 000 s

Te nanoparticles in
PMMA [30]

310–2200 nm 7.5 × 10−8 at
400 nm and
4.2 mW/cm2

··· ··· ···

Te nanosheets and
nanowires [53]

830, 1310, 1550,
2000 nm and
blackbody

6650 at 1550 nm
and
0.01 mW/mm2

1.23 × 1012 31.7 and 25.5 μs +3 months

Te nanorods [54] 300–785 nm 6.1 at 0.94 mW/cm2 1.2 × 1011 tens of seconds ∼30 days
CdS nanobelts [55] 490 nm 7.3 × 104 at

3 mW/cm2
··· ∼20 μs More than 73 h

CdS nanorod [56] 365, 420, 450,
500 nm

1.23 × 104 at
450 nm and
0.5 mW/cm2

2.8 × 1011 0.82 and 0.84 s ···

CdSe nanocrystals
[57]

500–532 nm 9.72 at 532 nm and
0.9 W/cm2

6.9 × 1010 both below 2 μs ···

t-Se nanoparticles
[58]

300–700 nm 19 × 10−3 at
610 nm and
0.4 mW/cm2

··· 0.32 and 0.23 μs ···

ZnO nanowires [59] 350–500 nm 1109 at 356 nm ··· both ∼ tens of
seconds

···

infrared) shows the rise and decay times in the range of
microseconds to a few hours [4,8,27–30].

While the response time is rather slow with these spec-
imens, there are a few strategies that can be considered
to reduce it. The first one is related to the geometry of
the device. Decreasing the length, which is inversely pro-
portional to the time [47], or considering various types
of design symmetric or asymmetric designs [48] are two
possible strategies among others. The second one is at
the material level. Reducing grain boundaries by increas-
ing the crystal size or achieving a single crystal, either
by further exploring the laser parameters’ landscape or
postprocessing, such as thermal treatment, will reduce the
response time. Furthermore, the glass composition could
be further engineered. One could also consider adding

metal nanoparticles to adjust the Fermi level in the band
gap and decrease the resistance as shown previously [49].

Table I summarizes the performance of various Te
nanostructures and other nanostructures of photoconduc-
tive semiconductors such as CdS, CdSe, t-Se, and ZnO.
While the size of the other Te devices is nano- and
microscale, the laser-written patterns range from a few
millimeters to a centimeter in length and hundreds of
nanometers to a few micrometers in thickness. The respon-
sivity and the detectivity vary with the optical power den-
sity. While this device exhibits comparable responsivity
and detectivity with devices based on other manufacturing
principles, there is still room to improve the time response.
Let us investigate the stability of the device over time, an
essential point of practical applications.

014008-7



TORUN, ROMASHKINA, KISHI, and BELLOUARD PHYS. REV. APPLIED 21, 014008 (2024)

(a) (b) (c)

(d) (e) (f)

FIG. 4. (a) I-V curve without and with illumination at 400 nm for various voltage biases. The measurement was carried out a month
after the fabrication of the device presented in Fig. 3. (b) Typical temporal evolution of photocurrent with different optical power
densities (0.07–2.1 mW/cm2) under 400-nm illumination 1 month after the fabrication of the device. (c) Responsivity, detectivity,
EQE (%), and generated photocurrent of Te/TeO2-glass nanocomposite structure 1 month after the fabrication of the device. (d)–(f)
Repetitive temporal response at 400 nm with a flux of 2.1 mW/cm2 observed on the day of the fabrication, after the first month and
after the second month, respectively.

Figure 4 presents the photoconduction characteristics of
the same device as in Fig. 3, from the day of fabrication to
a few months after. Figure 4(a) shows I -V curves obtained
without and with illumination at 400 nm after 1 month. We
notice that the dark current decreases from 0.24 to 0.09 μA
with a bias of +40 V after a month, and the current under
illumination at 400 nm follows a similar trend. Figures 4(b)
and 4(c) displays the temporal response upon various opti-
cal densities at 400 nm and corresponding responsivity,
detectivity, quantum efficiency, and generated photocur-
rent values. R, D*, and EQE (%) values degrade over a
month under illumination at 400 nm, while the exponent of
the generated photocurrent, α, stays the same. This behav-
ior is attributed to trap states that are still present and that
do not change over time. Finally, a repetitive measure-
ment performed on the first day of the device fabrication
is presented in Fig. 4(d), indicating the robustness and
stability of the device. The amount of photoresponse and
dark resistivity after 10 h of a cyclic test has not changed.
Figures 4(e) and 4(f) show the multiple on-off cycles after
a few months of usage. The rise and decay time does not
change after a month except for the photocurrent value.
However, after 2 months, there is a noticeable baseline drift
of the generated photocurrent and response times. There
are a few possibilities to explain this dramatic change in
the photoresponse of the device over a few months. The
first reason is the irreversible photoinduced oxidation upon
UV illumination, observed previously in Te [4,7]. The

oxidation of Te starts immediately after the first test of
the device and forms TeO2/Te/TeO2-glass interface. How-
ever, the interface TeO2/Te moves over time, as suggested
by the dark-current value being less than the value on the
first day. Further illumination causes the oxidation of Te
nanocrystals and nanoparticles, which results in the dark
current approaching zero. To understand the degradation
mechanism under UV irradiation, Raman spectra of pris-
tine glass and the laser-written line patterns were collected
over time with a Raman laser emitting at 445 nm.

Raman spectra of the structural evolution of the tellu-
rite glass under a Raman laser emitting at 445 nm are
shown in Fig. 5(a). The glass network of the glass is
composed of TeO4 trigonal bipyramids (TBP), TeO3+1
distorted trigonal bipyramids (DTBP), TeO3 trigonal pyra-
mids (TP), WO4, and WO6 polyhedra. It results in the
presence of Raman peaks, assigned to bending vibrations
of W—O—W in WO6 octahedra at 355 cm−1, a sym-
metrical stretching of Te—O—Te linkages at 490 cm−1,
continuous network of TeO4 at 610 cm−1, antisymmetric
stretching of Te—O—Te linkages consisting two inequiv-
alent Te—O bonds at 670 cm−1, Te and NBO of TeO3+1
and TeO3 at 720 cm−1, stretching of Te—O− in TeO3+1
and TeO3 at 790 cm−1, stretching of W—O, W—O−
and W = O bonds associated with WO4 and WO6 poly-
hedra at 860 and 920 cm−1, respectively [60,61]. There
is no change in the peak intensity and ratio of the peaks
in each spectrum collected at every 300 s. Hence, the
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(a) (b) (c)

FIG. 5. (a) The Raman spectra of the pristine glass after irradiation with 445-nm-Raman laser for 1500 s. (b) The Raman spectra of
the laser-irradiated line pattern after irradiation for 300 s. The femtosecond-laser processing parameters are 200 nJ with 0.5 mm/s at
1 MHz (corresponding to an incoming pulse fluence of 262 J/mm2). Note that Raman investigation was performed on the same day
as the fabrication of the tested sample. (c) The relative intensities of Te [I 93 + I 122 + I 141 + I 170 + I 260, (%)] and pristine glass peaks
[I 356 + I 470 + I 610 + I 670 + I 720 + I 790 + I 860 + I 920, (%)] at the laser-modified zone after being irradiated with Raman laser for 300 s.
The optical power density of the Raman laser is 115 mW/μm2.

glass substrate is not altered while characterizing the
device.

Figures 5(b) and 5(c) displays the Raman spectra of
the center of the laser-written pattern and the ratio of the
Te versus TeO2-glass. The characteristic vibration peaks
of Te in the laser-modified zone located between 93 and
260 cm−1 correspond to E1 (93), A1 (118), and E2 (139)
modes, Te—Te homopolar bonds in amorphous Te (a-
Te, 170 cm−1), and second-order spectra (260) [7,62–64].
After irradiating for 300 s, the Raman spectra do not show
any crystalline-TeO2 peaks but rather a decrease in the
intensity ratio of Te/TeO2 glass and an increase in the
intensity of the main glass bands. The photo-oxidation pro-
cess further explains the longer decay time of the device
after fabrication. Due to oxidation, the zones enriched with
holes at the surface, the grain boundary, and the intragrain
regions decrease. After 2 months of device usage, both rise
and decay times decrease proportionally. Yet, time con-
stants do not change, implying the presence of trap states as
recombination centers. Fewer carriers are generating less
photocurrent in each cycle, resulting in shorter recombi-
nation times. Transparent thin films of SiO2 or Si3N4 can
overcome the degradation of the patterns [25] by shielding
the photoconductive layer from the environment. Another
reason for the deterioration of the performances can be
the degradation of the electrical contacts or the reaction
between Te and the metal contacts (Au and Ag) [25]. Typi-
cal metal-contacted Te devices show a performance degra-
dation over time and temperature (failure above 473 K)
due to the diffusion of metal atoms into the Te chan-
nels. A nonreactive interlayer, such as graphene [25],
can be employed to prevent metal diffusion. In summary,
preventative steps against detrimental effects, such as the
photo-oxidation of Te and the degradation of metallic

contacts, are necessary for better stability of the photocon-
ductivity properties.

IV. SUMMARY AND OUTLOOK

We observed a photoresponse of a tellurium and tellurite
glass (Te/TeO2-glass) nanocomposite interface produced
by a femtosecond-laser direct-write process on a tellurite
glass surface. After laser exposure, the measured resistiv-
ity is at least 10 orders of magnitude lower than the one
of the unmodified material and is comparable to the one
value measured for polycrystalline tellurium. By scanning
a femtosecond laser beam over the tellurite glass substrate,
one can write a conductive path between arbitrarily distant
locations. Furthermore, we show that line patterns pro-
duced in this manner can have a highly reproducible and
sensitive photoresponse, from the near ultraviolet to the
visible spectrum, stable over a few months. This manu-
facturing process demonstrates that one can turn a priori
nonphoto substrates with specific compositions, in the
present case tellurite glass, into a photoconductive one
by exposing it to a femtosecond laser without adding any
material to the substrate.
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