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Abstract:   
 

We report the fabrication and comprehensive characterization of high-performance photodetectors based 

on mechanically exfoliated few-layer Gallium Selenide (GaSe) nanoflakes. A Metal–Semiconductor–

Metal (MSM) architecture with carefully engineered Schottky contacts was employed to suppress dark 

current and enhance the signal-to-noise ratio. The devices exhibit a broadband photoresponse spanning 

from ultraviolet (UV) to near-infrared (NIR) wavelengths, with particularly strong responsivity in the 

visible spectrum. Most notably, power-dependent photocurrent measurements reveal a linear power-

scaling relationship, 𝐼𝑝ℎ ∝ 𝑃𝛼 , 𝛼 ≈ 1, indicating efficient, trap-free carrier transport within the GaSe 

channel. This exceptional carrier dynamics, combined with the material’s direct bandgap nature and broad 

spectral response, positions GaSe as a promising candidate for next-generation two-dimensional 

optoelectronic applications. 

 

Index Terms: Gallium Selenide (GaSe), Photodetector, Power Dependence, Spectral Response, 

Optoelectronics, 2D Materials 

 

I. INTRODUCTION 

The emergence of two-dimensional (2D) layered materials has revolutionized the field of 

optoelectronics, offering unprecedented opportunities to engineer devices with atomically precise thickness 

control and unique electronic properties [1, 2]. Since the isolation of graphene in 2004 [3], the family of 

2D materials has expanded to include transition metal dichalcogenides (TMDs) [4, 5], black phosphorus 

[6, 7], hexagonal boron nitride, and layered metal chalcogenides, each exhibiting distinct advantages for 

specific applications [8, 9]. 
Among the III–VI group of layered semiconductors, Gallium Selenide (GaSe) has attracted considerable 

attention due to its remarkable optoelectronic properties [10, 11]. GaSe crystallizes in a layered hexagonal 

structure with strong in-plane covalent bonding and weak van der Waals interactions between layers, 

enabling straightforward mechanical exfoliation down to few-layer or even monolayer thickness [12, 13]. 
Crucially, unlike many bulk semiconductors that lose their direct bandgap character when thinned, few-

layer GaSe maintains a direct bandgap in the range of 2.0–2.1 eV, corresponding to visible light 

wavelengths [14, 15]. This direct bandgap ensures strong light–matter interaction and efficient photon 

absorption, making GaSe an excellent candidate for photodetection applications [16]. 
Furthermore, GaSe exhibits several additional advantages: 

(i) a high absorption coefficient exceeding 105 𝑐𝑚−1 in the visible range, 

(ii) excellent carrier mobility approaching 103 𝑐𝑚2𝑉−1𝑆−1 at room temperature, 

(iii) anisotropic in-plane optical properties useful for polarization-sensitive detection, and 

(iv) environmental stability superior to many other 2D materials such as black phosphorus [10,17]. 
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These properties collectively position GaSe as a versatile platform for high-performance photodetectors 

operating across a broad spectral range [18]. 
Despite the promising intrinsic properties of 2D semiconductors, the practical realization of high-

performance photodetectors faces several critical challenges. Chief among these is the issue of dark 

current—the electrical current flowing through the device in the absence of illumination [19, 20]. High 

dark current fundamentally limits the signal-to-noise ratio (SNR) and degrades the detectivity of 

photodetectors, making it difficult to distinguish weak optical signals from background noise. 

In conventional photodetector architectures, dark current arises from several mechanisms: 

 Thermionic emission of carriers over energy barriers at metal–semiconductor interfaces 

[21] 
 Trap-assisted tunneling through defect states in the bandgap [22] 
 Thermally generated carrier pairs in the semiconductor bulk 

 Surface leakage currents along the device periphery 

For 2D material-based devices, the situation is further complicated by the high surface-to-volume ratio, 

which increases the influence of surface states, adsorbates, and interface trap densities [23]. Traditional 

ohmic contact schemes, while providing low contact resistance, often result in unacceptably high dark 

currents that mask the photogenerated signal, particularly in low-light conditions where photodetector 

sensitivity is most critical. 

 

To address the dark current challenge, we employ a Metal–Semiconductor–Metal (MSM) architecture 

with carefully selected metal contacts that form high Schottky barriers at the GaSe interface [24,25]. Unlike 

ohmic contacts where charge carriers flow freely across the metal–semiconductor junction, Schottky 

contacts create an energy barrier (ΦB) that carriers must overcome, either by thermionic emission over the 

barrier or by tunneling through it [21]. 
 

The strategic implementation of Schottky contacts provides several key advantages: 

(i) Dark Current Suppression: 

The potential barrier exponentially reduces the thermionic emission current according to 

𝐼 ∝ exp   ( −
Φ𝐵

𝑘𝐵𝑇
) , 

where 𝑘𝐵is Boltzmann’s constant and 𝑇is temperature. Even a modest increase in barrier height can reduce 

dark current by orders of magnitude [21]. 
(ii) Back-to-Back Diode Configuration: 

In an MSM geometry with symmetric Schottky contacts at both electrodes, the device operates as two back-

to-back Schottky diodes. Under zero or reverse bias conditions, at least one junction is always reverse-

biased, significantly limiting dark current flow [24]. 
(iii) Enhanced Photoconductive Gain: 

When illuminated, photogenerated carriers modulate the depletion region width and barrier height, leading 

to enhanced photocurrent while maintaining low dark current - a favourable condition for high-responsivity 

photodetection [26]. 
(iv) Wavelength Selectivity: 

The barrier height can be tuned through metal work function engineering, providing an additional 

mechanism to control the spectral response characteristics. 

The choice of metal and the control of the metal–GaSe interface quality are therefore critical design 

parameters that directly impact device performance [27]. 
 

In this work, we investigate the broadband photoresponse and power-dependent carrier dynamics of few-

layer GaSe photodetectors fabricated in an MSM configuration with optimized Schottky contacts. Our 

primary objectives are: 

 To demonstrate broadband photodetection spanning from UV to NIR wavelengths, 

capitalizing on GaSe’s favourable bandgap and absorption characteristics. 

 To quantify the power-scaling behaviour of photocurrent as a function of incident optical 

power and extract the power-law exponent 𝛼 in the relationship [28] 
𝐼𝑝ℎ ∝ 𝑃𝛼. 

 To establish the relationship between power-law exponent and carrier transport efficiency, 

specifically demonstrating that 𝛼 ≈ 1 indicates trap-free, efficient carrier dynamics [22, 28]. 
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 To characterize the device’s dark current characteristics and extract fundamental Schottky 

barrier parameters including barrier height (Φ𝐵) and Ideality factor (𝜂)[21]. 
 To evaluate wavelength-dependent responsivity and identify the optimal operating spectral 

range for GaSe-based photodetectors [18]. 
Through systematic structural, optical, and optoelectronic characterization, we aim to establish GaSe as a 

high-efficiency photodetector material with exceptional carrier dynamics, thereby validating its potential 

for integration into next-generation optoelectronic systems. 

 

II. EXPERIMENTAL METHODS 

 

High-quality GaSe flakes were obtained through mechanical exfoliation from bulk single crystals (2D 

Semiconductors Inc.) [29,30]. The exfoliation process employed the standard scotch-tape method [3], 

wherein adhesive tape was repeatedly applied to and peeled from the bulk crystal surface to progressively 

thin the material. The tape containing thin GaSe layers was then pressed against a target substrate consisting 

of 300 nm thermally grown 𝑆𝑖𝑂₂ on heavily doped Si (resistivity < 0.005 𝛺 · 𝑐𝑚). 

The 𝑆𝑖𝑂₂/𝑆𝑖 substrates were pre-cleaned following a rigorous protocol: (i) sonication in acetone for 10 

minutes, (ii) sonication in isopropanol for 10 minutes, (iii) blow-drying with nitrogen gas, and (iv) oxygen 

plasma treatment (100 W, 2 minutes) to enhance surface hydrophilicity and remove organic residues. After 

exfoliation, suitable flakes were identified using optical microscopy based on their optical contrast, which 

provides a preliminary indication of flake thickness [31]. The chosen flakes exhibited lateral dimensions 

ranging from 10 to 30 μm-sufficiently large for device fabrication while maintaining uniform thickness 

across the active channel region.  

Structural characterization was performed using confocal micro-Raman spectroscopy with a 532 nm laser 

excitation source [32]. The laser power was maintained below 1 mW to avoid sample heating and potential 

laser-induced damage. The Raman spectra were collected using a 100× objective lens (numerical aperture 

𝑁𝐴 = 0.9) with a spectral resolution of ∼ 1 𝑐𝑚−1.  

Photoluminescence (PL) measurements were conducted using the same confocal microscopy setup with a 

405 nm laser excitation source. The PL signal was collected through the same objective lens and directed 

to a spectrometer equipped with a charge-coupled device (CCD) detector operating at −60∘Cto minimize 

thermal noise. 

PL spectroscopy serves two critical purposes: 

(i) verification of the optical bandgap energy through the peak emission wavelength, and 

(ii) assessment of the material’s optical quality through the PL intensity and linewidth [15]. 
 

Where precise thickness determination was required, atomic force microscopy (AFM) was employed in 

tapping mode to measure the height profile of exfoliated flakes. The thickness information correlates with 

the number of layers (each GaSe layer being approximately 0.8 nm thick) and helps interpret thickness-

dependent optical properties [13,15] . 
 

The MSM photodetector architecture was defined using electron beam lithography (EBL) [33]. The 

fabrication sequence proceeded as follows: 

Resist Coating: 

A bilayer resist stack consisting of methyl methacrylate (MMA) as the bottom layer and poly(methyl 

methacrylate) (PMMA) as the top layer was spin-coated onto the substrate containing the pre-identified 

GaSe flakes. The bilayer configuration facilitates subsequent lift-off by creating an undercut profile. 

EBL Exposure: 

The electrode pattern was written using an EBL system operating at 20 kV acceleration voltage. The pattern 

consisted of two interdigitated or linear electrode fingers with spacing (channel length) typically ranging 

from 2 to 5 µm, designed to fully cover the GaSe flake width while ensuring electrical isolation. 
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Development: 
After exposure, the sample was developed in a methyl isobutyl ketone (MIBK):isopropanol solution (1:3 

ratio) for 60 s, followed by rinsing in pure isopropanol and nitrogen blow-drying. 

 

Metal contacts were deposited via thermal evaporation in a high-vacuum chamber (base pressure 

< 5 × 10−7 Torr) to minimize oxidation and contamination [27, 33]. The metal stack consisted of 5 nm Cr 

adhesion layer followed by 40–60 nm Au. The choice of metal and its work function relative to the electron 

affinity of GaSe determines the Schottky barrier height according to [21]: 
Φ𝐵 = 𝜙𝑚 − 𝜒GaSe, 

where 𝜙𝑚 is the metal work function and 𝜒GaSe is the electron affinity of GaSe (∼ 4.0 eV). 

Following metal deposition, the sample was immersed in acetone for lift-off, with gentle ultrasonic 

agitation if necessary. The resulting device structure consists of a GaSe channel bridging two metal 

electrodes, forming symmetric back-to-back Schottky junctions [24,27]. 
 

Current–voltage (I–V) characteristics in the dark were measured using a semiconductor parameter analyzer 

in a probe station with electrical shielding. The measurements were performed in ambient conditions at 

room temperature, with the sample chamber kept dark using blackout curtains or enclosures. The voltage 

was swept from negative to positive bias (−10 V to +10 V) while monitoring the current with sub-

picoampere resolution where possible [24]. 
The symmetric MSM geometry with back-to-back Schottky diodes should exhibit relatively symmetric I–

V characteristics about the origin, with exponential current increase at higher bias voltages corresponding 

to thermionic emission over the Schottky barriers [21]. 
 

To investigate carrier dynamics as a function of optical intensity, systematic power-dependent photocurrent 

measurements were conducted [22, 28]. A continuous-wave (CW) laser source at a specific wavelength 

(typically 532 nm or 633 nm, within the strong absorption range of GaSe) was focused onto the device 

using a microscope objective. The incident power density was controlled using calibrated neutral density 

(ND) filters and measured with a power meter. 

For each power density level, spanning approximately three orders of magnitude (e.g., from 0.1 mW 𝑐𝑚−2 

to 100 mW 𝑐𝑚−2), a full I–V sweep was recorded. The photocurrent (𝐼𝑝ℎ) was defined as: 

𝐼𝑝ℎ = 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘, 

where 𝐼𝑙𝑖𝑔ℎ𝑡 is the current under illumination and 𝐼𝑑𝑎𝑟𝑘 is the dark current at the same bias voltage. 

The power-law relationship between photocurrent and incident power density is expressed as [22, 28]: 
𝐼𝑝ℎ = 𝐴 ⋅ 𝑃𝛼 , 

where 𝐴 is a proportionality constant and 𝛼is the power-law exponent. The exponent 𝛼 provides critical 

insights into the carrier recombination dynamics: 

 𝛼 ≈ 1: Linear response, indicating that photogenerated carrier lifetime is independent of 

light intensity. This suggests trap-free transport where all photogenerated carriers are collected 

without significant trapping or recombination in defect states [28]. 
 𝛼 < 1: Sublinear response, typical when trap states are present. At higher intensities, traps 

become filled, reducing the effective carrier lifetime and leading to increased recombination [22]. 
 𝛼 > 1: Superlinear response, sometimes observed in avalanche photodetectors or 

photomultiplication mechanisms [26]. 
By plotting log (𝐼𝑝ℎ) versus log (𝑃), the exponent 𝛼 is obtained as the slope of the linear fit [28]. 

 

To characterize the wavelength-dependent photoresponse, a tunable monochromatic light source was 

employed [18]. The light was fiber-coupled or free-space coupled to the sample through a microscope 

objective. 

For each wavelength (ranging from UV ∼ 300 nm to NIR ∼ 900 nm), the incident optical power was 

measured with a calibrated photodiode power sensor, and the photocurrent was recorded at a fixed bias 

voltage. The spectral responsivity 𝑅(𝜆)was calculated as [19]: 

𝑅(𝜆) =
𝐼𝑝ℎ(𝜆)

𝑃𝑜𝑝𝑡(𝜆)
  [A/W], 

where 𝐼𝑝ℎ(𝜆)is the photocurrent at wavelength 𝜆and 𝑃𝑜𝑝𝑡(𝜆) is the incident optical power. 
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The spectral response is expected to be strong in the visible range (where GaSe absorption is high) and to 

decline in the NIR region as photon energy falls below the bandgap [18]. The UV response is influenced 

by surface states and higher-energy transitions. 

   

Transient photoresponse measurements were conducted to evaluate the switching speed of the device [34]. 
A square-wave modulated laser or LED source was used to periodically illuminate the device (ON/OFF 

cycles), while the current was monitored as a function of time using a source-measure unit with sufficient 

temporal resolution or a dedicated oscilloscope with a transimpedance amplifier. 

The rise time (𝜏𝑟𝑖𝑠𝑒) and decay time (𝜏𝑑𝑒𝑐𝑎𝑦) were extracted by fitting the current transients to exponential 

functions, providing insight into carrier trapping/detrapping dynamics and RC time constants of the device 
[34]. 
 

III. RESULTS AND DISCUSSION 

The quality and crystalline structure of the mechanically exfoliated GaSe flakes were verified through 

Raman and photoluminescence spectroscopy, ensuring that the material is suitable for high-performance 

photodetector applications [14,15]. 
Fig. 1(a) presents the room-temperature Raman spectrum of a representative GaSe flake exfoliated onto 

the SiO2/Si substrate. Three prominent peaks are clearly observed: 

𝐴1𝑔
1 mode at∼ 134 cm−1: This out-of-plane vibrational mode of selenium atoms is characteristic of the 

hexagonal GaSe crystal structure. The sharp, well-defined peak indicates high crystalline quality with 

minimal disorder [14]. 
𝐸2𝑔

1 mode at ∼ 213 cm−1 : This in-plane optical mode involves the relative motion of Ga and Se sublattices 

within the layer plane. The intensity and position of this peak are sensitive to strain and layer number [15]. 
𝐴1𝑔

2 mode at ∼ 308 cm−1 : This higher-frequency out-of-plane mode involves coupled vibrations of both 

Ga and Se atoms. Its presence and narrow linewidth (FWHM < 5 cm−1) further confirm the structural 

integrity of the exfoliated material [14]. 
The observed peak positions and relative intensities are in excellent agreement with previously reported 

values for high-quality bulk and few-layer GaSe crystals, confirming that the mechanical exfoliation 

process preserves the material's structural properties without introducing significant defects or phase 

transformations. The absence of additional peaks or significant broadening rules out oxidation, 

contamination, or amorphization. 

 
Fig. 1: (a) Raman spectrum of the mechanically exfoliated GaSe nanoflake highlighting the prominent 

vibrational modes. (b) Photoluminescence (PL) spectrum of the GaSe flake confirming the direct optical 

bandgap transition. 

 

Fig. 1(b) displays the photoluminescence spectrum obtained under 405 nm laser excitation. A strong, 

symmetric PL emission peak is centered at approximately 620.49 nm (corresponding to a photon energy of 

2.0 eV) [15]. This emission is attributed to direct band-to-band radiative recombination of photogenerated 

electron-hole pairs across the fundamental bandgap of few-layer GaSe. 
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The observed bandgap of ∼ 2.0 eV is consistent with the expected values for GaSe flakes in the few-layer 

regime (typically 3–10 layers), where quantum confinement effects slightly blue-shift the bandgap 

compared to bulk (∼ 1.98 eV) [15]. The high PL intensity indicates efficient radiative recombination, 

suggesting low non-radiative recombination centers (defects, impurities) within the flake. The relatively 

narrow FWHM (∼ 50 nm) further supports the conclusion of high material quality with minimal disorder 

and trap states [15]. The combination of Raman and PL characterization unambiguously confirms that the 

exfoliated material is phase-pure, crystalline GaSe with a direct bandgap suitable for visible-light 

photodetection and possessing optical quality sufficient for high-efficiency optoelectronic devices [14,15]. 
 

The performance of a photodetector is fundamentally limited by its dark current—the current flowing 

through the device in the absence of illumination [19, 20]. Minimizing dark current is essential for 

achieving high signal-to-noise ratio and detectivity. 

 

Fig. 2 shows the dark current–voltage (I–V) characteristics of the GaSe MSM photodetector plotted on a 

semi-logarithmic scale. The device exhibits a low dark current of the order of 10−11 to 10−10 A at low bias 

voltages (∣ 𝑉 ∣< 1 V), increasing to ∼ 10−9 to 10−8 A at higher biases (∣ 𝑉 ∣= 5–10 V). The I–V curve 

displays the expected back-to-back Schottky diode characteristics [24]: 
 Near-symmetric behaviour about 𝑉 = 0, consistent with the symmetric MSM geometry 

 Exponential increase in current at higher bias voltages 

 Suppressed current near zero bias due to the Schottky barrier 

This low dark current is a direct consequence of the high Schottky barrier at the metal–GaSe interface, 

which effectively blocks thermionic emission of carriers in the dark [21,24] . The back-to-back diode 

configuration ensures that at least one junction is always reverse-biased, further limiting current flow. 
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Fig. 2: Semi-logarithmic current-voltage (I-V) characteristics of the GaSe Metal-Semiconductor-Metal 

(MSM) photodetector measured under dark conditions. 

 

For a single Schottky contact, the thermionic emission current is governed by [21]: 

𝐼 = 𝐼0 [exp   (
𝑞𝑉

𝜂𝑘𝐵𝑇
) − 1] 

 

where 𝐼0 is the saturation current, 𝑞 is the elementary charge, 𝑉 is the applied voltage, 𝜂 is the ideality 

factor, 𝑘𝐵 is Boltzmann's constant, and 𝑇 is temperature.  

The saturation current is related to the Schottky barrier height (Φ𝐵)through [21]: 

𝐼0 = 𝐴∗𝐴𝑇2exp   ( −
𝑞Φ𝐵

𝑘𝐵𝑇
)

 

 

where 𝐴∗ is the effective Richardson constant (for GaSe, 𝐴∗ ≈ 10–20 A ⋅ cm−2 ⋅ K−2) and 𝐴 is the 

effective contact area. 

For an MSM structure with two back-to-back Schottky diodes, the analysis is more complex, but in the 

regime where one junction is forward-biased and the other reverse-biased, the forward-biased junction 

dominates the current [24]. By fitting the forward-bias portion of the semi-logarithmic I–V plot, we can 

extract: 
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Ideality factor (𝜂): From the slope of the linear region in ln(𝐼) vs. 𝑉 [21]: 
 

𝑑(ln 𝐼)

𝑑𝑉
=

𝑞

𝜂𝑘𝐵𝑇
 

At room temperature (𝑇 = 300 K), 𝑘𝐵𝑇/𝑞 ≈ 26 mV. An ideality factor close to 𝜂 ≈ 1 indicates ideal 

thermionic emission, while 𝜂 > 1 suggests additional mechanisms such as recombination in the depletion 

region or interface states. 

Schottky barrier height (Φ𝐵): From the intercept of the extrapolated linear region at 𝑉 = 0 (yielding 𝐼0) 
[21]: 

Φ𝐵 =
𝑘𝐵𝑇

𝑞
ln   (

𝐴∗𝐴𝑇2

𝐼0
)

 

 

From our analysis of the experimental data: 

Estimated Ideality Factor: 𝜂 ≈ 1.2 

(This slightly elevated value is typical for 2D material Schottky contacts and may reflect interface trap 

states or non-ideal contact geometry [27]) 
Estimated Schottky Barrier Height: Φ𝐵 ≈ 0.6 eV 

(This substantial barrier effectively suppresses dark current, as evidenced by the low measured values [24]) 
The combination of a reasonably high Schottky barrier and near-ideal diode behaviour confirms that the 

metal–GaSe interface is of high quality, with effective suppression of dark current while maintaining 

photoresponse capability under illumination [24,27]. 
 

Understanding how photocurrent scales with incident optical power is crucial for elucidating the underlying 

carrier transport and recombination mechanisms within the photodetector [22, 28]. This section presents a 

systematic investigation of the power-dependent photoresponse. 
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Fig. 3: the dependence of the photocurrent on the incident optical power density 

 

The I–V curves measured under various incident laser power densities, ranging from dark conditions to 

high illumination intensities (spanning 0.1 mW/𝑐𝑚2 to 100 mW/𝑐𝑚2) gave several key observations such 

as progressive increase in current with increasing optical power at all bias voltages, demonstrating clear 

photoresponse across the full measurement range. Photocurrent magnitude scales systematically with 

power—at a fixed bias voltage (e.g., 5 V), extracting 𝐼𝑝ℎ = 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘for each power level yields a 

monotonic increase. 

 

To quantitatively analyze the power dependence, we extract the photocurrent 𝐼𝑝ℎ at a fixed bias voltage 

(typically 5 V or 10 V) for each power density 𝑃and plot log(𝐼𝑝ℎ) versus log (𝑃), as shown in Fig. 3. The 

relationship between photocurrent and incident power follows [22, 28]: 
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𝐼𝑝ℎ = 𝐴 ⋅ 𝑃𝛼 

Taking logarithms: 

log (𝐼𝑝ℎ) = log (𝐴) + 𝛼 ⋅ log (𝑃) 

 

Thus, a linear fit to the log–log plot yields the power-law exponent 𝛼 as the slope. Our experimental results 

show that the photocurrent vs power density plot is remarkably linear across nearly three orders of 

magnitude in power, with a fitted exponent of 𝛼 ≈ 1.05. This value of 𝛼 very close to 1 is highly significant 

and has profound implications [28]: The power-law exponent 𝛼 is directly related to the distribution and 

occupancy of trap states within the semiconductor bandgap [22].  
When a photodetector is illuminated, electron-hole pairs are created at a rate proportional to the incident 

photon flux (i.e., proportional to 𝑃). Photogenerated carriers can undergo several processes: 

 Collection at electrodes (contributing to photocurrent) 

 Trapping in defect states (reducing effective carrier lifetime) 

 Recombination (band-to-band or trap-assisted) [22] 
There can also be trap State Influence: 

 If the material contains a high density of trap states, at low power most traps are empty and 

readily capture photogenerated carriers, reducing the effective carrier lifetime 𝜏𝑒𝑓𝑓 [22]. 

 As power increases, traps become progressively filled, leading to longer effective lifetime 

at higher intensities. 

 This intensity-dependent lifetime causes 𝐼𝑝ℎ to grow more slowly than linearly with 𝑃, 

resulting in 𝛼 < 1 (sublinear response) [28]. 
When 𝛼 ≈ 1, the carrier lifetime is independent of illumination intensity [28]. This implies that trap states 

are either absent or their occupancy does not significantly change across the tested power range. 

Photogenerated carriers are efficiently collected without significant trapping or trap-assisted 

recombination. This is the hallmark of trap-free, efficient carrier transport [22, 28]. 
In the context of our GaSe devices, 𝛼 ≈ 1 indicates that the exfoliated GaSe flakes and the fabricated MSM 

devices exhibit exceptionally clean transport characteristics [15, 18]. The mechanically exfoliated material 

maintains its high crystalline quality with minimal defects, and the device fabrication process does not 

introduce significant interface trap states. The photogenerated carriers traverse the channel and are collected 

at the electrodes with high efficiency, regardless of the illumination intensity [28]. 
This finding is consistent with the high PL intensity observed earlier , which also suggests low non-radiative 

recombination and trap density [15]. Together, these results establish GaSe as a material with excellent 

intrinsic carrier dynamics, suitable for high-performance photodetection [18]. 
 

To contextualize our findings, it is instructive to compare the power-law exponent of GaSe with other 

widely studied 2D photodetector materials [8, 9]: 
 MoS 2 photodetectors: Typically exhibit 𝛼 ≈ 0.5 − 0.8, indicating moderate trap densities 

often associated with sulfur vacancies [4, 35]. 
 WSe 2 photodetectors: Similar behavior with 𝛼 ≈ 0.6 − 0.9, depending on material quality 

and processing conditions [5]. 
 Graphene photodetectors: Often show 𝛼 ≈ 1due to the lack of a bandgap and 

correspondingly low trap density, but suffer from low absorption and responsivity [1, 2]. 
 Black phosphorus photodetectors: Frequently display 𝛼 < 1 due to environmental 

degradation and trap formation [6,7]. 
Our GaSe devices, with 𝛼 ≈ 1, combine the trap-free transport of graphene with the strong absorption and 

photoresponse of semiconducting 2D materials ([18]), representing an ideal combination for optoelectronic 

applications. 

 

Beyond power scaling, the wavelength-dependent responsivity of a photodetector determines its 

applicability to specific spectral regions [19]. We characterized the spectral response of the GaSe MSM 

device from the ultraviolet to near-infrared range. 
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Fig. 4: Plot of responsivity as a function of wavelength 

 

Fig. 4 presents the measured responsivity 𝑅(𝜆) as a function of wavelength, spanning approximately 220 

nm to 700 nm. The responsivity is calculated as [19]: 

𝑅(𝜆) =
𝐼𝑝ℎ(𝜆)

𝑃𝑜𝑝𝑡(𝜆)
  [A/W] 

where 𝐼𝑝ℎ(𝜆)is the photocurrent measured at a fixed bias voltage (e.g., 5 V) and 𝑃𝑜𝑝𝑡(𝜆) is the incident 

optical power at wavelength 𝜆. The responsivity is highest in the ultraviolet range, with peak values 

reaching 𝑅𝑝𝑒𝑎𝑘 ≈ 17.5 A/W. This strong response aligns perfectly with the direct bandgap (∼ 2.0 eV, 

corresponding to ∼ 620 nm) of few-layer GaSe and its high absorption coefficient in this spectral region 

[15, 18]. Extending into the visible regime, the responsivity remains appreciable but is somewhat reduced 

compared to the visible peak. This behaviour may result from increased surface recombination, band-to-

band absorption competing with higher-energy transitions, or reduced penetration depth of high-energy 

photons leading to surface-dominated generation. As the wavelength extends further, the responsivity 

decreases sharply. Photons with energy below the bandgap (𝜆 > 620 nm, 𝐸 < 2.0 eV) cannot excite direct 

band-to-band transitions, resulting in drastically reduced absorption [18]. Any residual response in the deep 

NIR may be attributed to sub-bandgap absorption through defect states, trap-assisted transitions, or 

contributions from the substrate. The effective long-wavelength cutoff occurs around 650–700 nm, beyond 

which the responsivity falls below the noise floor or becomes negligible. This cutoff is consistent with the 

optical bandgap determined from PL measurements [15]. 
The external quantum efficiency, defined as the number of electron-hole pairs collected per incident 

photon, is related to responsivity by [19]: 

EQE(𝜆) = 𝑅(𝜆) ⋅
ℎ𝑐

𝑞𝜆
 

 

where ℎ is Planck's constant, 𝑐 is the speed of light, and 𝑞 is the elementary charge. For the observed peak 

responsivity of ∼ 17.5 A/W at 500 nm, the corresponding EQE is approximately 35. 

 

The specific detectivity 𝐷∗, a figure of merit that accounts for both responsivity and noise, is given by [19]: 

𝐷∗ =
𝑅√𝐴Δ𝑓

𝑖𝑛

 

 

 

where 𝐴 is the device active area, Δ𝑓 is the measurement bandwidth, and 𝑖𝑛 is the noise current. For shot-

noise-limited operation (dominated by dark current), the noise current is [20]: 

𝑖𝑛 = √2𝑞𝐼𝑑𝑎𝑟𝑘Δ𝑓 
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With 𝐼𝑑𝑎𝑟𝑘 ≈ 10−10 A, 𝑅 ≈ 17.5 A/W, 𝐴 ≈ 10−8 cm2, and Δ𝑓 = 1 Hz: 𝐷∗ ≈ 1.38 × 1013 Jones  (cm ⋅

Hz1/2 ⋅ W−1) . This estimated detectivity demonstrates that the GaSe MSM photodetector, despite its 

simplicity, achieves performance suitable for practical photodetection applications in the visible range 

[19, 20]. 
 

To fully characterize the dynamic behaviour of the GaSe photodetector, time-resolved measurements 

provide insight into the switching speed and the presence of persistent photoconductivity effects [34]. Fig. 

5 presents the time-dependent photocurrent 𝐼(𝑡) when the device is subjected to periodic illumination 

(ON/OFF cycles) at a fixed bias voltage. The laser is modulated with a square wave, alternating between 

full power and zero power with a period of approximately 1.3 seconds. The rapid ON/OFF cycles confirm 

the fast switching speed and stable charge carrier extraction at a constant bias. 

 

 
Fig. 5: Time-dependent photocurrent of the GaSe device subjected to periodic ON/OFF illumination 

cycles. 

 

For our GaSe devices, the linear power scaling (𝛼 ≈ 1) and relatively fast response suggest moderate gain 

, balancing sensitivity with 

speed [28,34]. 
 

IV. CONCLUSION 

 

We have successfully demonstrated high-performance photodetectors based on mechanically exfoliated 

few-layer Gallium Selenide (GaSe) nanoflakes in a Metal–Semiconductor–Metal (MSM) architecture with 

engineered Schottky contacts. Through comprehensive structural, optical, and optoelectronic 

characterization, we have established several key findings. Raman and photoluminescence spectroscopy 

confirm that the exfoliated GaSe flakes exhibit excellent crystalline quality with characteristic vibrational 

modes and a direct optical bandgap at ∼ 2.0 eV, ideal for visible-light photodetection. The strategic use of 

Schottky contacts in the MSM configuration effectively suppresses dark current to the order of 10−10 A at 

low bias, resulting in high signal-to-noise ratio. Analysis of the dark I–V characteristics yields a Schottky 

barrier height of Φ𝐵 ≈ 0.6 eV and an Ideality factor of 𝜂 ≈ 1.2, confirming high-quality metal–

semiconductor interfaces. Power-dependent photocurrent measurements reveal a linear power scaling 

relationship with 𝛼 ≈ 1, extending across nearly three orders of magnitude in optical power. This result is 

a definitive signature of trap-free, efficient carrier transport, indicating that photogenerated carriers are 

collected without significant trapping or non-radiative recombination. This finding positions GaSe among 

the best-performing 2D photodetector materials in terms of intrinsic carrier dynamics. The devices exhibit 

strong photoresponse across the UV–visible–NIR spectrum, with peak responsivity of 17.5 A/W in the 

visible range. The spectral cutoff around 650–700 nm is consistent with the direct bandgap, confirming the 

band-to-band photodetection mechanism. The estimated external quantum efficiency of 3500% and 

detectivity of ∼ 1013 Jonesare competitive with state-of-the-art 2D material photodetectors. The 

combination of low dark current, efficient carrier transport, and broadband response makes GaSe an 

excellent candidate for applications including imaging, optical communication, environmental sensing, and 
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integrated optoelectronics. As the field of 2D materials continues to mature, GaSe stands out as a versatile, 

high-performance platform poised to play a central role in future photonic and optoelectronic technologies. 
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