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Abstract: Near-infrared (NIR) photodetectors have interesting roles in optical fiber communications
and biomedical applications. Conventional NIR photodetectors have been realized using InGaAs and
Ge, of which the cut-off wavelengths exceed 1500 nm. Si-based photodetectors exhibit limited external
quantum efficiency at wavelengths longer than 1000 nm. By synthesizing a CulnSe, compound on a
glass substrate, photodetectors that can detect optical wavelengths longer than 1100 nm have been
realized in this study. The bandgap energies of the CulnSe; thin films were tuned by varying the
Cu/In ratio from 1.02 to 0.87. The longest cut-off wavelength (1309 nm) was obtained from a CulnSe,
thin film having a Cu/In ratio of 0.87. The responsivity of the photodiode was measured under the
illumination of a 1064 nm laser light. The photo responses exhibited linear response up to 2.33 mW
optical illumination and a responsivity of 0.60 A/W at —0.4 V.
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1. Introduction

Nowadays, near-infrared (NIR) photodetectors which can convert optical signals to
electrical signals are getting considerable interest for night-vision imaging, optical fiber
communications, biomedical imaging, vegetation monitoring, and security applications
due to the strong propagation and low attenuation characteristics of NIR light [1-6]. Con-
ventionally, InGaAs and Ge-based photodetectors with cut-off wavelengths exceeding
1500 nm have been used for NIR photodetectors. Si-based photodetectors are challenging
when used to detect the NIR wavelength range and show low external quantum efficiency
due to their low cut-off wavelength of 1100 nm [7,8]. However, Ge-based photodetectors
suffer from a high dark current (~10 mA/cm?) that is orders of magnitude higher than
the ~0.5 nA /cm? of InGaAs photodetectors. This leads to low signal-to-noise ratio (5/N)
and responsivity [9-11]. InGaAs-based photodetectors have issues related to expensive
manufacturing processes [12,13]. Recently, Cu(In, Ga)Se, (CIGS) thin films have become
considered one of the most prominent candidates for NIR photoactive layers [14-16].

Polycrystalline copper-indium-gallium-selenide (CIGS) thin films exhibit very promis-
ing properties such as competitive stability, a high absorption coefficient of ~10° cm™!
(two orders of magnitude higher than that of Si), and an adjustable direct energy bandgap
(1.04-1.67 eV) [17,18]. CIGS has gained a reputation as a highly efficient thin film solar
cell. The CIGS solar cells have reached a power conversion efficiency (PCE) of 23.35%
at laboratory scale [19]. The performance improvement in CIGS solar cells has proven
the potential utilization of CIGS thin films for NIR photodetectors. The CIGS thin films
can be deposited on top of various substrates such as glass, polyimide, stainless steel,
and silicon (Si) so that a CIGS thin film can be utilized to realize NIR photodetectors on
various material platforms. Because little research has been reported regarding CIGS as
photodetectors, more effort is needed to meet the requirement of the cut-off wavelength
needed for operating in the NIR region [20-22].
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In the work reported in this paper, copper-indium-selenide (CulnSey, CISe) thin films
were investigated as NIR photoactive layers. To achieve high PCE with CIGS, Ga content is
added to the CISe thin film to form Ga grading. As the Ga content increases, the bandgap
of CIGS increases and shows tunable bandgap characteristics [23,24]. The CIGS thin film
optimized for photovoltaic applications contains 8.5% of Ga. When this amount of Ga
is incorporated into a CIGS thin film, its cut-off wavelength is limited to 1059.9 nm. To
extend the pho-detection capability to the longer wavelength, CISe thin film without Ga is
interesting. Therefore, we aimed to fabricate CISe thin film with a bandgap near 0.95 eV. A
structure of Al/Ni/aluminum-doped ZnO/i-ZnO/CdS/CISe/Mo was grown on a soda-
lime-glass (SLG) substrate to realize a CISe-based photodetector able to detect optical
wavelengths longer than 1100 nm. The bandgap energies of the CISe thin films were tuned
by varying the Cu/In ratio. The device performance of these CISe-based photodetectors
was investigated via the morphological and optical properties of the CISe thin films.

2. Materials and Methods
2.1. Fabrication of CISe Thin Film Photodetectors

CISe thin film photodetectors were fabricated on top of an SLG substrate. The SLG
substrates were cleaned to remove organic contamination using acetic acid and deionized
water prior to depositing the back contact layer. Molybdenum with a thickness of 1.0 um
was sputtered on SLG as a back contact layer with sputtering power of 300 W under low
Ar pressure of 2 mTorr. The CISe layer was deposited using a three-stage co-evaporation
process, which is shown in Figure 1a. The In,Sez precursor layer was deposited during the
first stage with a substrate temperature of 350 °C, followed by Cu and Se evaporation during
the second stage with a substrate temperature of 550 °C. In the third stage, In and Se were
co-deposited. Then the films were cooled within a flux of Se until the substrate temperature
dropped to 350 °C. The 60 nm-thick CdS layer was subsequently deposited using a chemical
bath deposition method. After RF magnetron sputtering of a transparent conducted oxide
(TCO) layer consisting of a 70 nm thick i-ZnO layer and a 350 nm thick aluminum-doped
ZnO layer (Zn0O), a metal electrode consisting of a 50 nm thick Ni adhesion layer and 1 pm
thick aluminum was deposited by e-beam evaporation to complete fabrication of the CISe
based photodetectors. The 65 nm thick magnesium fluoride (MgF,) thin film was used for
the antireflection coating to minimize the surface reflection. Schematic designs of the CISe
thin film photodetectors are shown in Figure 1b. The diameter of the exposed area of the
CISe-based photodetectors was 2 mm.
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Figure 1. (a) Schematic of the three-stage co-evaporation process. (b) Schematic designing of CISe-
based photodetectors.
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2.2. Measurement Details

The surface morphology of the synthesized CISe layers was characterized by scanning
electron microscopy (SEM, S-4700, Hitachi, Tokyo, Japan). For crystallographic analysis,
X-ray diffraction patterns were recorded using an X-ray diffractometer (XRD, X'Pert PRO,
Malvern Panalytical, Malvern, UK) with a Cu target (1.5406 A) and a 1.4 kW power X-ray
generator. The Raman Spectra of CISe layers were obtained using a Raman spectroscopy
system (LabRam HR800, Horiba Jobin-Yvon, Bensheim, Germany) equipped with a 512 nm
and 325 nm excitation laser operated at room temperature. The topographical study was
performed using atomic force microscopy (AFM, XE-100, Park Systems, Suwon, South
Korea) in non-contact mode with a PPP-NCHR tip (5i). Its force constant and scanning rates
were 42 N/m and 0.3 Hz, respectively. The overall Cu/In composition ratio of the CulnSe
thin films were confirmed by X-ray fluorescence measurements (XRF, X-Strata980, Malvern
Panalytical, Malvern, UK). The refractive index and extinction coefficient of the CISe layer
was measured using an Ellipsometer (Elli-SE, Ellipso Technology, Suwon, South Korea).
External quantum efficiency (EQE) was measured using an incident photon-to-electron
conversion efficiency measurement system (QEX7 series, PV Measurements Inc., Boulder,
CO, USA) under a 75 W xenon lamp light source (UXL-75XE, Ushio, Tokyo, Japan). The
wavelength of the laser diode used for optical illumination was 1064 nm. The incident
optical power was measured using an optical power sensor (1930F-1G, Newport, Irvine,
CA, USA). The nominal spot size of the illuminated light that passed through the fiber was
<9 um. Dark current and photocurrent were measured using a semiconductor parameter
analyzer (HP 4155A, Agilent, Santa Clara, CA, USA).

3. Results and Discussion
3.1. CulnSe; Thin Film with Low Bandgap

A CIGS-based photodetector with a wider spectral range extending into the NIR
region could be a candidate for an NIR photodetector. For higher sensitivity in the NIR
region, a high-quality photodetector operating in the NIR region using low-bandgap CISe
thin film must be realized. The bandgap of CIGS (1.04-1.67 V) is still too high for use in the
NIR region. To achieve a bandgap of about 0.95 eV with a cut-off wavelength of 1305 nm,
CISe thin films were grown by the full three-stage process with different durations for the
second stage. CISe thin films with Cu/In composition ratios of 1.27 to 0.87 were fabricated.

Figure 2 shows top-view SEM images of CISe thin films grown on the Mo/SLG. The
surfaces of CISe films with Cu/In ratios of 0.87 to 0.95 exhibit sharp polyhedral-shaped
morphology. The well-faceted polyhedral-shaped grains imply that CISe thin film has a
chalcopyrite phase. The grain sizes of CISe films increase as the Cu content increases. For
the Cu/In ratios of 0.87 and 0.95, the approximate grain sizes were determined to be about
0.59 and 1.26 um, respectively. In the Cu-rich state, where the Cu/In ratios are 1.27 and 1.11,
the grains exhibited particle-like shapes, and their sizes were 0.91 and 1.14 pm, respectively.
The particle-like shapes are ascribed to a large amount of Cu-Se compounds.

Figure 3a shows the Raman spectra for the CISe layers. The CISe layers with Cu/In ra-
tios of 1.27 and 1.11 exhibit the A1 mode of the Cu-Se compound, which means an excess
amount of Cu. As the Cu/In ratio decreased, the E mode of CISe increased. The highest
intensity of A1l mode of CISe (with a Cu/In ratio of 1.27) could be due to the effect of
the Cu-Se compound. The XRD patterns in Figure 3b indicate that all of the CISe films
have a chalcopyrite crystal structure with a preferred orientation of (112). Even the XRD
patterns of all samples did not show an apparent intensity difference. The CISe thin film
with Cu/In ratio of 0.95 was expected to have the highest crystallinity from the Raman
spectra results.

The refractive index (n) and extinction coefficient (k) values were measured using an
ellipsometer. The measured n and k values are shown in Figure 4a. The refractive index
and extinction coefficient of CISe layers increased as the Cu/In ratio decreased, which
suggests that the bandgap of CISe thin film decreased as the Cu/In ratio decreased. The
wavelength-dependent absorption coefficients of the CISe layers were extracted from the
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extinction coefficients. As shown in Figure 4b, the absorption coefficient increased with the
decreasing Cu/In ratio.
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Figure 2. SEM images of CISe thin films with Cu/In ratios of (a) 1.27, (b) 1.11, (c) 0.95, and (d) 0.87.
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Figure 3. (a) Raman spectra and (b) XRD patterns of the CISe thin films with different Cu/In ratios.
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Figure 4. (a) Refractive index, n, extinction coefficient, k, (b) the absorption coefficients of the CISe
layers with variable Cu/In ratios.



Appl. Sci. 2022,12,92

50f7

3.2. CulnSe,-Based Photodetectors

CISe layers with Cu/In ratios of 0.87, 0.93, 0.94, and 1.02 were utilized to fabricate the
photodetectors. The Cu-rich CISe layers, with Cu/In ratios of 1.27 and 1.11, exhibited a
Cu-Se compound-related high-defect density on their surfaces, which implies that they are
unsuitable for device applications.

The external quantum efficiency (EQE) curves of the CISe thin-film photodetectors
with various Cu/In ratios are compared in Figure 5a. The cut-off wavelengths were
extracted by extrapolating the EQE curves as shown in the inset of Figure 5a and were
utilized to calculate bandgap energies. The bandgap energies of the CISe thin films were
tuned by varying the Cu/In ratio from 0.87 to 1.02. As the Cu/In ratio decreased, the
bandgap energy decreased, which indicates that an increased cut-off wavelength was
realized. The longest cut-off wavelength (1309 nm) was obtained from the CISe thin film
having the Cu/Inratio of 0.87. Figure 5b shows the bias current—voltage (I-V) characteristics
of the CISe thin-film photodetector in the dark and under 1064 nm laser illumination whose
power ranged from 0.83 to 2.33 mW. The CISe-based photodetector with the Cu/In ratio of
0.93 exhibited the dark current density of 28.82 mA /cm? and the differential resistance of
13.24 k() at —0.4 V. The low differential resistance is due to the large shunt leakage current.
The dark current and responsivity values of the CISe-based photodetector were compared
with those of the previously reported CIGS-based photodetectors in Table 1. Further
material growth optimization is required to reduce the dark current and to enhance the
differential resistance of the CISe-based photodetectors. In the forward biased condition, the
current was almost constant, exhibiting the photovoltaic mode of the device. In the reverse
biased condition, the current increased gradually with increasing laser power densities up
to 2.33 mW, exhibiting a linear response. This current linear response dependency on the
incident optical power is favorable for the photodetectors. The responsivity of the CISe
thin-film photodetector was 0.52 and 0.60 A/W at 0 V and —0.4 V, respectively.
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Figure 5. (a) External quantum efficiency (EQE) curves of the CISe photodetectors measured at the
bias voltage of —0.4 V. The inset figure shows the method to estimate the cut-off wavelength (Ac)
from the EQE curve. (b) Current-voltage characteristics of the photodetectors with the Cu/In ratio of
0.93 measured under 1064 nm wavelength.

Table 1. Comparison of dark current values of CIGS and CISe-based photodetectors reported in
previous literature.

Device Structure Dark Current Responsivity (A/W) References
Solution-processed CIGS 03mA/cm?@ —04V 0.34 @ 980 nm, ImW /cm? [14]
Zn0O/CdS/AlL05/CIGS 222nA/cm?> @0V 0.54 @ 880 nm [15]

Gay03/CIGS 1nA/cm? @0V - [25]

CISe 28.82mA/cm? @ —0.4V 0.6 @ 1064 nm This work
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4. Conclusions

Low bandgap CISe thin-film photodetectors for operating in NIR were demonstrated.
Low bandgap CISe thin films were grown to improve the photo-absorption properties in
the NIR using a three-stage co-evaporation process. The bandgap energies of the CISe
thin films were tuned by varying the Cu/In ratio from 1.02 to 0.87. When the bandgap
wavelengths of CISe thin films were extracted from the external quantum efficiency of the
photodetectors, the wavelengths increased as the Cu/In ratio decreased. The longest cut-off
wavelength of 1300 nm was obtained from the CISe thin film having the Cu/In ratio of 0.87.
The responsivity of the photodiode was measured under the illumination of a 1064 nm
laser light. The photocurrent of the photodetector showed linear dependence on an optical
power intensity up to 2.33 mW optical illumination and responsivity of 0.60 A/W under
—0.4 V. This work shows that a CISe-based photodetector could be a prominent candidate
for a photodetector operating in NIR.
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