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Terahertz (THz) detection has been extensively studied in the application fields of wireless communication, non-destructive imaging and spectrum inspection, etc., in the decades. Here, we report that a self-mixing terahertz detector based on hemispherical silicon lens and antenna-coupled InGaAs/AlGaAs high electron mobility transistor (HEMT) enables wide spectrum detection, and improves detection performances. In this device configuration, the optimal log-periodic antenna is used to enhance light field in the channel, the double-gate could further adjust the carrier concentration, and the hemispheric silicon lens can concentrate the terahertz radiation in the center of the hemisphere to effectively improve the terahertz wave collection efficiency, which could improve the sensitivity of the detector. The broadband Terahertz responsivity and noise equivalent power (NEP) of the detector are characterized at the range from 0.07 to 0.82 THz at room temperature. A peak responsivity of 2 kV/W and a minimum optical noise equivalent power of 59 pW/Hz1/2 at 0.8 THz without any external field, are reached from two-terminal configuration at 0.8 THz. The minimum optical NEP of the device can be reduced to 30 pW/Hz1/2 by applying a gate voltage, realizing scanning imaging demonstration.
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INTRODUCTION
Terahertz radiation (0.1–10 THz) is characterized by its high frequency, ultrashort pulse duration (in the picosecond range), low photon energy, and strong penetrating power. These remarkable properties make it a highly promising technology for various applications, including material research, safety inspection, environmental monitoring, and communication [1–3]. The primary approach to harnessing terahertz radiation is via terahertz detection technology, which significantly impacts both fundamental and applied terahertz research. One of the foundational tools for advancing terahertz application technology and a key method and primary component of terahertz scientific study is the development of room temperature, high-speed, and high-sensitivity terahertz wave detectors. Detectors based on thermal detection principles, such as Golay cells, pyroelectric detectors, and bolometers, have gained widespread use [4]. However, such devices have limitations including low modulation speed, relatively large area, and reliance on external filters, which severely restrict their practicality. On the other hand, a type of uncooled THz detector that includes Schottky barrier detectors [5, 6] and families of detectors based on field-effect transistors (FETs), offer high appeal due to their fast response time and high sensitivity. Additionally, FET-based detectors have greatly benefited from advances in integrated circuit technology, allowing for the creation of large arrays [7–11].
The High Electron Mobility Transistor (HEMT) is a type of field-effect transistor that utilizes a heterojunction structure, also known as a modulation-doped field-effect transistor or a two-dimensional electron gas (2DEG) field-effect transistor. The device uses two materials with different energy gaps to create a heterojunction, resulting in the generation of a triangular potential well at the interface. The 2DEG within this potential well functions as the channel for field-effect transistor regulation. The unique spatial isolation of electrons and holes within the heterostructure’s potential well enables high electron mobility, which is responsible for the device’s outstanding properties, including large transconductance, low noise, high cut-off frequency, and fast switching speed. These characteristics make the HEMT an ideal choice for microwave amplifiers and power devices, and its potential for future applications is significant [12–15]. The cut-off frequency formula of HEMT shows that the highest can only be more than 100 GHz. When the terahertz wave of (0.1–10 THz) is irradiated, it is difficult to generate a photoelectric response, and it is difficult to directly detect the terahertz wave [16, 17]. Dyakonov and Shur proposed for the first time that the detection of terahertz waves could be realized by using the nonlinearity of plasma [18, 19]. Plasma waves belong to a form of periodic collective motion of electrons. In the past 10 years, many groups have successively realized room-temperature field-effect terahertz detectors based on CMOS, III-V compound semiconductors and graphene [20–27]. Using the AlGaAs/GaAs HEMT tri-gate device successfully realized the spectrum detection from 185 to 380 GHz, and successfully distinguished the high-order plasma mode, and the responsivity and noise equivalent power (NEP) at 11.5 K reached 100 kV/W and 50 pW/Hz1/2 respectively [28]. A GaN/AlGaN HEMT based on a special butterfly antenna coupling achieves a NEP value of 21 pW/Hz1/2 at 0.52 THz [27].
Simple field-effect transistor terahertz detectors have low responsivity and high equivalent noise power, so it is necessary to integrate some special structures in the transistor structure, such as grating-gate, planar antenna, etc. Among them, the planar antenna is convenient and has high coupling efficiency, which can greatly improve the performance of the detector, so it has attracted the attention of many scholars. Planar dipole antennas have various structures, including bowtie antennas, helical antennas, log-periodic antennas, and slot antennas. The integration of a butterfly antenna with a GaN/AlGaN HEMT structure, featuring a gate length of 0.25 μm, has been demonstrated to achieve outstanding performance with a NEP as low as 0.125 nW/Hz1/2 [22]. Meanwhile, the helical antenna, a type of circularly polarized antenna, is well-suited for applications where the polarization direction is uncertain or changing over time. By utilizing this antenna, a graphene terahertz detector has been able to achieve an impressive responsivity of 28 V/W [29]. Additionally, the log-periodic antenna is characterized by its broad bandwidth and numerous resonant peaks. In 2010, Dyer successfully integrated a high-bandwidth log-periodic antenna with a GaAs/AlGaAs HEMT, enabling the resonance detection of a terahertz detector at 20 K within the 0.235–0.24 THz frequency range [30]. Designing materials and structures for higher frequency terahertz detection requires careful consideration. InP-based HEMTs can achieve an electron mobility of 11,000 cm2/(V·s), and when combined with a nanoscale grating structure, a maximum response of more than 20 kV/W can be achieved at 200 and 292 GHz. Meanwhile, an ultra-low NEP of 0.48 pW·Hz−1/2 is obtained at 200 GHz [31]. However, this impressive NEP relies on high-quality material growth and high-precision device fabrication processes, which is both its strength and a limiting factor for its widespread adoption. Due to the long wavelength of terahertz radiation, it is challenging to focus the beam on the core region of the terahertz antenna due to the limit of optical diffraction. As a result, the detector’s effective light receiving area is limited, which makes detecting most terahertz waves difficult, leading to poor optical sensitivity. This presents a severe constraint for field-effect detectors, necessitating the development of a compact, high-speed, high-sensitivity, high-stability, and portable terahertz detector module. To address this, a commonly used quasi-optical focusing element in the terahertz band is a hemispherical silicon lens. This lens effectively increases the terahertz electric field strength and reduces the terahertz spot size, which helps to irradiate the detector surface with more terahertz waves, thereby improving the detector’s responsivity [32, 33]. Silicon lenses have been used to improve the performance of terahertz detectors before, enabling passive detection of 10 GHz–2.52 THz at room temperature [34]. Furthermore, coordinating the silicon lens and substrate can minimize substrate interference, expanding the detector’s response frequency band and increasing its consistency.
In this letter, we present a GaAs HEMT epitaxial wafer with a specific structure and a monolithic detector chip featuring a dual-grid logarithmic antenna structure. To enhance the gain, we employ a hemispherical silicon lens, which was also simulated. Notably, the silicon lens can amplify the terahertz wave electric field’s focus at the center by up to 4.5 times. The module, integrated into the silicon lens package, achieves wide-band detection of 0.07–0.82 THz, with a responsivity of 2 kV/W and a NEP of 59 pW·Hz−1/2 at a high frequency of 0.8 THz. We further improved the detector performance by applying a gate voltage to the channel, reducing the NEP to 30 pW·Hz−1/2. Additionally, we conducted terahertz imaging experiments with the unit module and obtained high-frequency terahertz images. Our work has significant implications for exploring HEMT integrated modules’ application in the terahertz field.
SIMULATION AND DESIGN
Figures 1A, B depicts the structure of the proposed detector. The detector is mainly composed of high-resistance silicon lens, GaAs HEMT antenna chip and readout circuit. All components are assembled in a metal shielded box, leaving space outside the lens, and three SMA port connectors. The dielectric lens is held by the retaining ring, and the antenna chip is placed directly on the back of the lens as the main source. Based on the above design, the terahertz radiation from space is focused by the lens and received by the on-chip antenna in a back-illuminated manner. Supplementary Figure S1 shows a schematic diagram of our material structure (refer to the method for the specific structure), the two-dimensional electron gas concentration Ns = 2.4 × 1012/cm2 of our material.
[image: Figure 1]FIGURE 1 | Module structure. (A) Silicon lens model design. (B) Component physical diagram and antenna structure diagram. (C) Antenna simulation result plot. Inset: Schematic diagram of the simulation parameters. (D) Schematic diagram of self-mixing detection.
We use time-domain numerical simulation technology to design a sub-wavelength coupling structure suitable for field effects, and realize a field effect integrated structure with broadband detection function by improving the existing antenna structure. The logarithmic periodic antenna is a well-established antenna structure that boasts an exceptionally broad operating bandwidth, capable of reaching 10:1 or wider [27, 28, 33, 34]. The dimensions of the oscillators of the log-periodic antenna designed in this paper satisfy the relationship:
[image: image]
Here, Rn represents the vertical distance from the geometric vertex of the antenna to the nth oscillator, where the oscillator is assigned a serial number of n. The logarithmic periodic antenna emits electromagnetic waves that are linearly polarized, with the polarization direction aligned parallel to the direction of the vibrator. It consists of a double-grid logarithmic periodical antenna with left and right lobes and a symmetrical source-drain antenna. Its resonant frequency is closely related to the length and angle of the lobes. The angle is determined as α = 45°, β = 30°.
The terahertz response of our device is a result of the combined impact of the photo-thermoelectric effect and self-mixing mechanism, which are contingent upon the specific working states of the device. When there is no external bias voltage (no gate voltage), the device works under the photo-thermoelectric mechanism. The asymmetric light field shown in Figure 1C. Hot carrier diffusion produces a temperature gradient, which drives the directional movement of carriers to generate photocurrent [27]. As depicted in Figures 2B–E, our device exhibits a favorable response even in the absence of a gate voltage.
[image: Figure 2]FIGURE 2 | Device performance characterization. (A) Silicon lens simulation results. (B) Device response spectrum. (C) Device response time. (D) Curves of responsivity versus bias voltage at 0.73 and 0.8 THz. (E) NEP curves for bias voltages at frequencies of 0.73 and 0.8 THz.
When the device is subjected to both gate voltage and source-drain voltage, it operates based on the principle of plasma wave terahertz detection. The non-linear characteristics of plasma waves can detect terahertz waves. It was first proposed by Dyakonov and Shur that terahertz waves excite plasma waves in the channel [18, 19]. The nonlinear characteristics of plasma waves and asymmetric boundary conditions can induce a constant voltage is the terahertz response. With the deepening of research, a theoretical model of frequency mixing detection has recently been proposed [23–26]. Gated terahertz frequency mixing detector is composed of a high electron mobility transistor integrated with a terahertz antenna. The terahertz wave, denoted by ωTHz, is coupled into the channel of a two-dimensional electron gas, which is controlled by a field effect gate, through a terahertz antenna. The lateral terahertz electric field then modulates the drift velocity of the electrons in the two-dimensional electron gas channel, resulting in a modulation of [image: image]. Simultaneously, the terahertz electric field modulates the local concentration of the two-dimensional electron gas in the vertical direction, resulting in a modulation of [image: image] at the plane of the two-dimensional electron gas. As a result, the modulated two-dimensional electron gas generates a THz wave mixing current, denoted by [image: image]. This means that an incident single-frequency THz wave can generate self-mixing in the channel, resulting in a DC short-circuit current or open-circuit voltage. Under the irradiation of terahertz light with angular velocity [image: image] ([image: image] is the frequency of incident terahertz wave) and energy flux density [image: image], the terahertz photocurrent [image: image] can be expressed as [26]
[image: image]
E0 is the free space terahertz electric field intensity; Z0 ([image: image]) is the free space impedance; W is the effective channel width of the device; L is the gate length of the detector; Cg is the capacitance per unit area; Vgeff = Vg -Vth -Vx, is the effective gate voltage at x distance from the left side of the gate along the channel (Define x = 0 on the left side of the gate, x = L on the right side), where Vg and Vth are the external gate voltage and threshold voltage respectively; A0 is the structural parameter of the detector, which is used to characterize the enhancement ability of the antenna to the terahertz electric field. As shown in Figure 1D, the mixed-frequency detection model is applicable in both direct detection and heterodyne detection.
Utilizing finite difference time domain (FDTD) simulation, it is evident that the silicon lens exhibits a robust aggregating and enhancing effect on the electric field of the terahertz wave, as illustrated in Figure 2A. The diameter of the silicon lens is 10 mm, and to achieve the optimal terahertz light focusing effect, the GaAs substrate of the terahertz detector chip was thinned to 200 μm. Under the influence of the silicon lens, the terahertz wave is focused to a region of nearly 100 microns in the core of the lens. Although there is an impedance mismatch between the permittivity of the terahertz silicon lens and free space, about 30% of the terahertz wave is reflected, but at a frequency of 0.8 THz, the terahertz electric field in the center area of the silicon lens increases by 4.5 times compared to the incident terahertz wave, as seen in Figure 2A. Considering that the energy density of the electric field is proportional to the square of its intensity, the energy density within the core area of the detector can be increased up to approximately 20 times that of the incident terahertz wave due to the near-field convergence of the silicon lens. This enhancement in energy density has significant potential to boost the detector’s responsivity.
TEST RESULTS
Figure 2B depicts the responsivity of the terahertz module detector integrated with the silicon lens. The photoresponse at zero source-drain voltage originates from the photo-thermoelectric effect, which benefits from our designed asymmetric structure. To assess the light-gathering efficiency of the lens, we carried out terahertz response tests on the detector module under front and back illumination, as illustrated in Figure 2B. The blue solid line in the figure corresponds to back illumination, which is equivalent to direct incidence of the terahertz wave on the detector chip surface. The red solid line in the figure represents front illumination, where the terahertz wave is focused onto the chip surface through the silicon lens. As a result of the amplified terahertz electric field, the terahertz response rate increases by about 20 times, which is consistent with the simulation results in Figure 2A. The frequency band of the incident terahertz wave is 0.02–0.82 THz. The device response time is shown in Figure 2C, with the turn-on time being about 5 μs and the turn-off time being around 0.7 μs. These results demonstrate the high-speed nature of our devices, making them ideal for applications in high-speed communications. We measured the source-drain voltage dependence curve of the module under 0.73 and 0.8 THz light as shown in Figure 2D. NEP, which measures the responsivity of photodetection, is calculated by taking the ratio of noise voltage density and responsivity (Vn/R). The noise spectral density reflects various noise sources present in the system, including but not limited to 1/f noise, shot noise, and Johnson-Nyquist noise. Supplementary Figure S2A is the noise spectrum of the test of the detector module. According to the noise spectrum, we calculated the NEP test results of the device, as shown in Figure 2E. Under zero bias voltage, the minimum NEP value of the module device can reach 59 pW/Hz1/2. Our four-end antenna structure is capable of efficiently coupling terahertz optical fields, but there is still room for improvement. We anticipate that even better results can be achieved by constructing the gate electrode with nanometer precision and incorporating a grating structure [31].
The source-drain current in a field effect transistor (FET) is influenced by both the source-drain voltage and the gate voltage. The correlation between the fixed gate voltage, source-drain voltage, and source-drain current is referred to as the output characteristic curve. Likewise, the transfer characteristic curve is used to describe the relationship between gate voltage and source-drain current at a fixed source-drain voltage. In our work, Gate1 plays the role of gate voltage regulation, and Gate2 only serves as antenna coupling. Figure 3A depicts the saturation characteristics of a HEMT. At a specific gate voltage, the source-drain current increases linearly with increasing source-drain voltage until saturation occurs, which is characterized by the saturation voltage Vdsat. Once the transistor reaches this point, it enters the saturation region where the source-drain current no longer increases linearly with increasing source-drain voltage. Moreover, as the gate voltage decreases, the saturation voltage also decreases. The transfer characteristic curve of HEMT, which provides information on the transistor’s threshold value, is shown in Figure 3B. The measurement curve in Supplementary Figure S3 represents the relationship between channel conductance and gate voltage when the source-drain voltage is held constant at 0.1 V. Additionally, Figures 3C, D illustrate the gate-controlled photoresponse curves under 0.73 and 0.8 THz terahertz wave illumination, respectively. The module’s maximum responsivity occurs when the gate voltage is approximately 0.6 V. Furthermore, Supplementary Figure S2B shows the noise equivalent power (NEP) curve of the device with respect to the gate voltage, with the module device reaching an NEP of 30 pW·Hz−1/2 at a gate voltage of 0.6 V. To demonstrate the effectiveness of our method, we complete a table (Table 1) and compare key parameters such as responsivity, NEP and response band between our detector and other detectors. At least one specification of our device is stronger than that of a reported work. Due to equipment limitations, we measured the responsivity and NEP profiles of the chip (without lens) at both room temperature and low temperature. We found that the responsivity and NEP of the unpackaged device were better at low temperatures due to lower thermal noise and larger mobility. This data has been included in Supplementary Figures S4A, B.
[image: Figure 3]FIGURE 3 | Characteristic curves under module gating control. (A) The output characteristic curve of device. (Under different gate1 bias) (B) The transfer characteristic curve of device. (Under different source-drain bias) (C) Gating control response curve at 0.73 THz. (D) Gating control response curve at 0.8 THz.
TABLE 1 | Comparison of key parameters.
[image: Table 1]Terahertz imaging is a critical research area, and our module device demonstrates high responsivity and stable response output, making it an ideal choice for exploring terahertz scanning imaging applications. We have developed an optical system, as illustrated in Figure 4A, where a motor-controlled imaging object is scanned point by point, and the detector module signal at 0.8 THz is captured by a computer via an amplifier. The collected signal is subsequently processed by programming software to generate an image, as shown in Figure 4B. The resulting projection imaging data highlights intricate details, including the key outline and the structure of the metal triangle. Notably, even when an object is enclosed and visually undetectable, our detector module can scan every detail of the target object.
[image: Figure 4]FIGURE 4 | Modular imaging application. (A) Optical path diagram of terahertz imaging system. (B) Imaged objects and imaging results.
DISCUSSION
In this study, we presents a novel high-sensitivity broadband room temperature terahertz module detector that integrates a hemispherical silicon lens. The detector utilizes a GaAs high electron mobility transistor with a unique structure. The joint coupling effect of the silicon lens and the four-terminal antenna improves the optical sensitivity of the detector; in addition, the back-illuminated method can eliminate the interference effect of the device substrate and improve the response bandwidth. At room temperature, the module detector achieves a wide-spectrum response of 0.07–0.82 THz, of which the responsivity at 0.73 and 0.8 THz are 4 and 2 kV/W, respectively, and the corresponding NEPs are 59 pW/Hz1/2 and 60 pW/Hz1/2, respectively. To enhance the module device’s performance, we implemented gate voltage regulation, resulting in a reduction of the NEP to 30 pW/Hz1/2 with a gate voltage regulation of 0.6 V. Finally, based on this module detector, the terahertz imaging application at a high frequency of 0.8 THz is realized. Our detector module has the characteristics of miniaturization, portability, room temperature operation and high sensitivity, and can be applied in terahertz-related fields.
METHODS
Materials structure
On the GaAs substrate, grow 200 nm GaAs buffer layer, 250 nm AlxGa1-xAs buffer layer, 20 nm AlxGa1-xAs barrier layer, Si delta-doped bottom layer, 6 nm AlxGa1-xAs spacer layer, 10 nm InxGa1-xAs channel layer, 6 nm AlxGa1-xAs spacer layer, Si delta-doped layer, 22 nm AlxGa1-xAs barrier layer, 2 nm undoped AlAs layer, 15 nm undoped GaAs layer, 1.5 nm Si-doped AlAs barrier layer and 25 nm Si-doped GaAs cap layer. The source and the drain are respectively in contact with the GaAs buffer layer and both ends of each barrier layer to form ohmic contacts, and a (2-DEG) channel is formed between the channel layers.
Device fabrication process
The material grown by the MBE method was ultrasonically cleaned in acetone, isopropanol and deionized water for 5 min respectively. Use the method of ultraviolet lithography (MA6) to photoetch the channel, and then etch it by wet etching method. The etching depth is 110–130 nm, the etching time is about 28 s, and the composition ratio of the etching solution is H3PO4: H2O2: H2O = 1:1:25. The corroded samples were cleaned again in the above-mentioned manner. The source and drain ends of the device were etched out again using MA6, and then a metal layer of AuGe/Ni/Au = 100/20/300 nm was evaporated by electron beam evaporation (EBE-07). Then the excess metal was stripped off, annealed in a rapid annealing furnace, maintained at 450°C for 30 s, and the annealing was completed. Then perform an IV test on both ends of the device to confirm that the ohmic contact of the device is good. Finally, the gate electrode is etched out by ultraviolet lithography (MA6), and a metal layer of Ti/Au = 30/100 nm is deposited by electron beam evaporation (EBE-07), and a Schottky contact is formed after the lift-off process.
Photocurrent measurements
The electrical characteristics of the devices were measured using a Semiconductor Parameter Analyzer (B2912A). To obtain light response data, a custom optical setup was used. The setup involved using continuous low-energy photons that were modulated by the electric chopper of a microwave source (Agilent E8257D). These photons passed through a frequency doubler (VDI WR 9.0) and a lock-in amplifier (SR830) to obtain a detection current of 0.1 THz. Additionally, the 0.3 THz radiation was generated by a 0.1 THz IM PATT diode that was connected to a VDI WR 2.8 tripler. Use a low-frequency microwave generator (WA-04609) to generate low-frequency microwaves to generate 0.49–0.82 THz electromagnetic waves through a multiplying link (VDI WR 1.9). To enable the locking procedure in the presence of DC offset and 1/f noise, the amplitude of the terahertz wave was electronically chopped using a 1 kHz square wave signal. This ensured that the terahertz wave was TTL modulated. The power density of the terahertz waves was measured using a commercially calibrated photoconductive terahertz power meter (TK100). The responsivity RV is extracted from the measured Iph as RV = Iph∙r/(P∙S), where P is the power density, S is the effective area S = λ2/4π, and r is the device resistance. All measurements were performed under room temperature ambient conditions.
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