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Abstract： In high-electron-mobility transistor （HEMT） terahertz detectors， an excessively wide gate can generate 
oblique modes in the channel， resulting in weakened resonant detection signals and a broadened resonance peak.  
To address this issue， a side-gate HEMT （EdgeFET） structure was proposed.  A resonant detection model for the 
side-gate device was established based on the hydrodynamic equations of the two-dimensional electron gas 

（2DEG） in conventional HEMT.  A side-gate HEMT detector was fabricated， and terahertz resonant detection ex⁃
periments were conducted at 77 K.  The experimental results indicated that EdgeFET demonstrated distinct reso⁃
nant responses at 77 K， with the resonant responsivity reaching 3. 7 times the maximum non-resonant responsivi⁃
ty.  The experimental data were fitted using the theoretical model to validate its accuracy.  These results strongly 
confirm the effectiveness of EdgeFET in enhancing the resonant performance of the detector， providing a new 
technological approach for the development of next-generation high-performance terahertz detectors.
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Introduction
Due to its substantial potential in various applica⁃tions， such as medical imaging， high-speed communica⁃tions， radar， security screening， and non-destructive testing， THz detection technology has garnered signifi⁃cant attention.［1-4］ Compared to other THz detectors， high electron mobility transistor （HEMT） THz detectors have been extensively studied over the past few decades due to their advantages， including low noise-equivalent power 

（NEP）， high responsivity （Rv）， fast response time， sim⁃ple structure， and ease of fabrication and integration.［5-8］

In the early 1990s， Dyakonov and Shur indicated that a field-effect transistor （FET） channel could serve as a resonant cavity for plasma waves. ［9］ Carrier move⁃

ment can resemble shallow water waves when the carrier mobility in the FET channel is high enough to minimize collisions with protons or impurities during transit， con⁃structing a plasma wave whose oscillation frequency is controlled by the gate.  As the channel length is reduced to a submicron scale， the plasma wave reflects at the de⁃vice boundary， causing carrier motion instability and fre⁃quency oscillations in the terahertz band.  Specific bound⁃ary conditions can create a steady photoresponse current or voltage between the source and drain when the fre⁃quency of an incident THz wave matches or exceeds that of the plasma wave， enabling THz radiation detection.  This theory clarifies the relationship between response voltage， gate length， operating temperature， and oscilla⁃tion frequency.
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The FET detector has non-resonant and resonant op⁃erating modes.  If ωτ ≪ 1 （where ω is the fundamental plasma oscillation frequency and τ is the momentum re⁃laxation time）， the FET can operate as a non-resonant detector.  The non-resonant detection response is inde⁃pendent of the incident frequency， making it a broad⁃band detection mechanism［10-11］.  If ωτ ≫ 1， the FET can operate as a resonant detector.  Plasma oscillations with a high-quality factor may be excited in the FET channel.  The resonant response will be much greater than the non-resonant response［12］.  Resonant detection exhibits fre⁃quency selectivity that occurs when the incident wave fre⁃quency matches the fundamental or odd multiples of the intrinsic plasma wave frequency［9］.  The plasma wave’s oscillation frequency can be obtained as［10］

f = ω02π
= s

4L
= 1

4L
q ( )Vg - Vth

m , (1)
where s is the plasma wave velocity； L is the gate length； 
m is the effective electron mass； q is the electron charge； 
Vg and Vth are the gate and threshold voltages， respective⁃ly. Although resonant responses were observed experi⁃mentally， high-quality-factor resonant was not achieved［13-17］ ， primarily due to the fact that the gate width of the FET is much larger than its gate length， which gives rise to oblique plasma wave modes in the channel［18-19］.It is crucial to reduce the gate width to minimize oblique modes.  Physical etching has been employed as the primary technique for narrowing the gate width.  How⁃ever， the reduction in gate width is constrained and re⁃mains comparable to the gate length in magnitude due to technological limitations.  Additionally， physical etching increases surface roughness， enhancing surface scatter⁃ing， reducing carrier mobility， and decreasing both mo⁃mentum relaxation time and mass factors that impede ef⁃fective resonance detection.Cywinski and Yahniuk constructed a GaN/AlGaN FET with two side-gates （EdgeFET） to enhance resonant performance［20］.  Fig.  1 shows the structural diagram and sectional view of the EdgeFET.  This design places the 

gate on both channel sides without metal covering the top.  Theoretically， a one-dimensional conductive chan⁃nel is constructed， eliminating oblique modes and en⁃hancing resonance performance［21］.Unlike traditional JFET with metal-semiconductor contacts， or conventional HEMT， the energy band dia⁃gram shown in Fig.  2（a） indicates that the EdgeFET gate has a Schottky contact between metal and 2DEG.  This double-gate design laterally compresses the channel width from both sides.  Traditional DC transport models for metal-semiconductor contacts in JFET and HEMT no longer apply to EdgeFET， making equation （1）， which is based on the asymptotic channel approximation， inval⁃id.  A new DC transport model is established for Edge⁃FET， and preliminary validation is conducted.［22］

Based on the fundamental principles of metal-2DEG Schottky contact， a THz resonance detection response model is established for the EdgeFET THz detector.  A GaN/AlGaN EdgeFET THz detector was fabricated with a gate length of 170 nm and a gate width of 200 nm， with a bowtie antenna.  The detector is characterized at 77 K us⁃ing a Backward-Wave Oscillator （BWO） over the fre⁃quency range varying from 200 GHz to 384 GHz.
1 The model of terahertz resonant detec⁃
tion for EdgeFET 

The hydrodynamics equations of 2DEG in the chan⁃nel of a traditional HEMT are described by the equation of motion （the Euler equation） and the continuity equa⁃tion as follows［9］：∂v
∂t

+ v ∂v
∂x

= - q
mn

∂U
∂x

, (2)
∂ρ
∂t

+ ∂( )ρv
∂x

= 0 , (3)
where U = U0+Uacos（ωt-kx）， is a function of x and t 
（where U0 = Ugc-Uth， Ugc is the dc gate-to-channel voltage swing， Uth is the threshold voltage， Uacos（ωt-kx） is the external ac voltage induced between the gate and chann⁃nel by the incoming electromagnetic wave，ω and k are the angular frequency and wave number of the plasma 

Fig.  1　（a） Structural diagram and （b） Sectional view of the EdgeFET
图 1　EdgeFET的结构示意图和剖面图
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wave）.  ∂ U/∂ x is the longitudinal electric field in the channel， ν is the electron velocity， and mn is the effec⁃tive electron mass.  ρ = qne is the channel’s 2DEG sur⁃face charge density， where ne is the electron surface den⁃sity of the 2DEG.  For the traditional HEMT， based on the gradual channel approximation， ρ = CU， where C is the gate capacitance per unit area.  While for the Edge⁃FET， the relation between ρ and the gate voltage is de⁃duced in the following.For the EdgeFET， it is assumed that the gate volt⁃age adjusts the effective channel width， creating a one-di⁃mensional conductive channel containing 2DEG at its center， while the other regions become depletion zones.  Therefore， we only focus on the channel center's poten⁃tial distribution and charge concentration.

First， the configuration of a unilateral contact be⁃tween metal and a two-dimensional electron gas （2DEG） is examined， as illustrated in Fig.  2（b）.  The band bend⁃ing occurs when a voltage V is applied to the metal （V = 
V0+Vacos（ωt-kx）， where V0 is the dc voltage， Vacos（ωt-
kx） is the external ac voltage induced by the incoming THz wave）， fully depleting the 2DEG on the metal-adja⁃cent side and constructing a depletion region.  In regions distant from the metal gate， the band bending is relative⁃ly weak， resulting in the presence of a transition region between the depletion layer and the neutral 2DEG， as il⁃lustrated in Fig.  2（a）.  The width of this transition region is on the order of several effective Bohr radius （The length of the effective Bohr radius is estimated to be sev⁃eral nanometers）［23］.  The carriers in the transition region 

are not completely depleted as in the depletion layer， yet their concentration is lower than that in the neutral re⁃gion.  The potential distribution of the transition region can be described as［23］：

φ ( x,y,0) = VaB

πy , (4)
where

aB = 4πℏ2 ε
q2mn

, (5)
is the effective Bohr radius.  ε is the dielectric per⁃mittivity； ℏ is the Planck constant.In EdgeFET gates， the metal configuration changes from unilateral to bilateral.  The distance between the two metal gates， denoted by W， determines the channel width.  When a voltage V is applied simultaneously to both gates， the potential at the center of the channel can be obtained from Equation （4） as follows：

φ0 = 2φ ( x, W
2 ,0) = 4aBV

πW , (6)
The intrinsic electron surface density ns，0  for a de⁃generate 2DEG in a heterojunction can be calculated as follows［23］

ns,0 = mnΔEf

πℏ2 , (7)
∆Ef  represents the difference between the quasi-Fer⁃mi level of electrons in the 2DEG and the lowest quantum state within the quantum well containing the 2DEG， as shown in Fig.  2（a）.The electron surface density ns at the channel center after applying a gate voltage V is［24］

ns = ns,0(1 + qφ0ΔEf ) , (8)

= ns,0 + 16εV
πqW , (9)

By analogy with Equation （2）， the Euler equation for the 2DEG at the center of the channel in the EdgeFET can be derived as follows （where the U is replaced by φ0）： ∂v
∂t

+ v ∂v
∂x

= - q
mn

∂φ0∂x
, (10)

Hence， by substituting Equation （8） into Equation 
（10） and using the relation ρ = qns， the following expres⁃sion can be obtained：∂v

∂t
+ v ∂v

∂x
= - ΔEf

mnns,0
∂ns∂x

= - ΔEf

qmnns,0
∂ρ
∂x

, (11)
Equations （3） and （11） are the hydrodynamic equa⁃tions for the EdgeFET， resembling those for the tradition⁃al HEMT.  By analogy［10］， the 2DEG plasma’s wave ve⁃locity， denoted by s （=ω/k）， can be calculated as

s = ΔEf ρ
qmnns,0

= πℏ2

qmn
2 ( )qns,0 + 16εV

πW

, (12)

Fig.  2　（a） Energy band diagram of the metal-2DEG contact 
（Efi is the quasi-Fermi level， Ec is the conduction band mini‐
mum， ΔEf = Efi-Ec ， qΦb is the metal-2DEG barrier height） ； （b） 
Simplified model of the metal-2DEG contact
图 2　（a）金属-2DEG 接触的能带图（Efi 是准费米能级，Ec 是
导带底，ΔEf = Efi-Ec，qΦb是金属-2DEG接触势垒高度）；（b）金
属-2DEG接触的简化模型
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The second step of the above equation has used Equations （7） and （9）， and the relation ρ = qns.  The re⁃
quired frequency for generating the intrinsic plasma 
wave， denoted by f = s/4L［10］， can be expressed as

f = s
4L

= 1
4L

πℏ2

qmn
2 ( )qns,0 + 16εV

πW

, (13)

A comparison between equations （1） and （13） 
shows that the intrinsic plasma wave oscillation frequen⁃
cies between the traditional HEMT and the EdgeFET are 
considerably different， and the latter depends on the de⁃
vice's channel width W.

In practical devices， due to the gate length being at 
the 170 nm scale and constrained by fabrication process⁃
es， the depletion regions formed in the channel under du⁃
al-side-gate biasing exhibit a non-uniform distribution， 
as illustrated in Fig.  3.  To address this， the effective 
gate length Leff （Leff = αL， α is a constant serving as the 
correction factor.） is introduced to replace the real gate 
length L.  Furthermore， considering the overlap between 
the gate and the mesa induced by fabrication constraints， 
the effective gate width Weff （Weff = βW， β is a constant 
serving as the correction factor.） between the two gates 
is reduced compared to the channel width W.  By incorpo⁃
rating Leff and Weff into Equation （13）， the modified reso⁃
nant frequency equation can be derived：

f = 1
4Leff

πℏ2

qmn
2 ( )qns,0 + 16εV

πWeff

= 1
4αL

πℏ2

qmn
2 ( )qns,0 + 16εV

πβW

, (14)

2 Detector fabrication and experimental 
implementations 

To validate the theory， a GaN/AlGaN EdgeFET THz detector with a gate length （L） of 170 nm and a gate width （W） of 200 nm is fabricated.  Furthermore， a bow⁃tie-shaped planar integrated antenna with a radius of 90 µm is designed to improve the THz wave absorption effi⁃ciency.  The bow-tie antenna offers advantages such as broad bandwidth， structural simplicity， and ease of fabri⁃cation［25］.  Compared with devices without an anten⁃na［26-27］， integrating a bow-tie antenna significantly im⁃proves the coupling efficiency of terahertz energy and en⁃hances device responsivity［28-29］.The devices are manufactured on a commercial GaN wafer with a substrate of 430 µm sapphire.  The epitaxial junction comprises a 2 µm GaN layer and a 21 nm Al⁃GaN barrier layer.  The 2DEG offers an electron density of n0 = 5. 12×1012 and an electron mobility of μ = 2317 cm2/V∙s at 300 K.  To separate devices and evaluate the structures， the mesas of the HEMT are etched down to 150 nm.The main problem in EdgeFET fabrication is to make both side gates have good contact with the mesa while avoiding excessive overlap.  The mesa edges must be as smooth and steep as possible.  The mesa fabricated by the ICP etching with an Al2O3 mask combined with electron beam lithography （EBL） and Lift-off technology has good etching morphology and a smooth， steep side wall.  The mesa fabrication process is illustrated in Fig.  4
（a）-（e）.  First， the sample is cleaned.  Then， the mask pattern is transferred using EBL， followed by the deposi⁃tion of a 90 nm Al ₂ O ₃ film.  A lift-off process is subse⁃quently employed to remove the excess Al ₂ O ₃， forming the final mask pattern.  Finally， ICP etching is performed to form the mesa structure.  This process reduces etching-related defects， making the deposited metal gate adhere closely to the side wall and enhancing device perfor⁃mance.  Fig. 4（f）-（h） illustrate the following processes of fabrication of source， drain， antenna， electrode pads， and gate.  Fig.  5（a） shows mesas fabricated based on this improved process.The ohmic contacts comprised the Ti/Al/Ni/Au （20/120/55/45 nm） metal stacks and were rapidly annealed at 400 °C/700 °C/870 °C for 180 s/40 s/30 s in N2.  Ni/Au 
（20/200 nm） directly deposited all the metal pads， wires， and antennas.  Fig.  5（b） shows the SEM images of the EdgeFET.  The two arms of the antenna are con⁃nected to the gate and source of the device， respectively.EBL is employed for gate fabrication to mitigate the overlap between the gate and mesa.  Fig.  5（c） shows an SEM image of the side gate.  The overlap is less than 20 nm.The setup for characterizing the device is shown in Fig.  6（a）， where the THz radiation from a BWO is chopped， collected， collimated and focused onto the de⁃tector located in a liquid nitrogen dewar， as illustrated in Fig.  6（b）（c）.  As the detector is insensitive to visible light， a Polymethylpentene （TPX） disk is used as the 

Fig.  3　Schematic diagram of the EdgeFET structure.  The green 
area represents the depletion region formed after applying the 
gate bias voltage.  （The actual channel width is W， effective 
channel width is Weff， actual gate length is L， and effective gate 
length is Leff）
图 3　EdgeFET的结构示意图，绿色区域为栅极施加偏压后产
生的耗尽区（实际沟道宽度为W，有效沟道宽度为Weff，实际栅
长为L，有效栅长为Leff）

4



XX 期 Jin Chen-Yang et al：Terahertz detector based on side-gate AlGaN/GaN HEMT for resonant detection

window.  The terahertz properties are studied using BWO operating at 200-384 GHz.  A gate bias is applied to the device using a DC source， while the source-drain bias voltage is fixed at 0 V.  The terahertz response signal from the detector is amplified by a lock-in amplifier.
3 Results and discussions 

The device’s DC and terahertz characteristics are measured at 300 K.  Fig.  7（a）（b）（c） depicts the Edge⁃FET’s DC characteristics.  Fig.  7（d） describes at 300 K terahertz response of the EdgeFET versus gate voltage at 367 GHz.  As shown in Fig.  7（d）， only non-resonant re⁃sponses occur at room temperature.At 77 K， the EdgeFET is characterized using a backward wave oscillator （BWO） operating between 200 and 384 GHz.  Fig.  8（a） illustrates the device’s respon⁃sivity versus gate voltage at 240 GHz， 259 GHz， 265. 5 GHz， 271 GHz， and 276 GHz.  The method for determin⁃ing the effective area required for the calculation of Rv is based on the method of "Physical area" described in Ref［30］.  Two distinct response peaks are observed： one re⁃mains consistently centered at -3. 08 V， independent of the incident wave frequency； the other shifts with fre⁃quency.  In traditional HEMT， terahertz non-resonant re⁃sponse peaks exhibit frequency-independent characteris⁃

tics， whereas the resonant response demonstrates strong frequency dependence.  By analogy， the response cen⁃tered at -3. 08 V and independent of the incident wave frequency is classified as a non-resonant response， whereas the frequency-shifting response is identified as resonant response.  In Fig.  8（b）， the data are normal⁃ized relative to the maximum value of the non-resonant re⁃sponse for consistent comparison.  The proposed device exhibits a resonant response superior to that of previously reported devices， which exceeds the maximum non-reso⁃nant response at 4 of the 5 detection frequencies.  The resonant responsivity reaches 3. 7 times that of the maxi⁃mum non-resonant responsivity at 259 GHz.To validate Equation （14）， the experimentally mea⁃sured relationship between the resonant frequency and the gate voltage is fitted.  In Fig.  8（c）， the black squares denote the experimental data points across vari⁃ous frequencies， and the red solid line indicates the theo⁃retical resonant frequency controlled by gate voltage， as described by Equation （14） （α = 0. 35， β = 0. 8）.  The fitted parameters are shorter than the physical dimen⁃sions.  This discrepancy arises from two primary factors： under dual-gate biasing conditions， the non-uniform de⁃pletion region distribution in the channel results in an ef⁃fective gate length that is smaller than the physical gate 

Fig.  4　The process flow chart of EdgeFET.  （a） Wafer cleaning； （b） EBL pattern transfer； （c） Deposition of 90 nm Al₂O₃； （d） Lift-
off to form the mask pattern； （e） ICP etching to define the mesa structure； （f） Fabrication of Ohmic source/drain electrodes； （g） Fabri‐
cation of metal antennas and wires； （h） Fabrication of metal gates.  （a）-（g） is longitudinal section view of device； （h） is cross-sectional 
view of device
图 4　EdgeFET的工艺流程图。（a） 晶圆清洗；（b） EBL图形转移；（c） 90nm Al₂O₃沉积；（d） 剥离，形成掩模图形；（e） ICP蚀刻台面；
（f） 制备欧姆接触源漏电极；（g）制备金属天线和导线；（h）制造金属栅极。（a）-（g）是器件的纵向剖面图；（h）是器件的横向剖面图

Fig.  5　（a） The mesa fabricated via a dry etching process using an Al2O3 mask， with EBL and lift-off； （b） EdgeFET containing a bow‐
tie antenna and electrodes； （c） SEM image of the side gate
图 5　（a）采用 Al2O3作掩膜进行干法蚀刻，结合 EBL和 lift-off工艺制备的台面；（b）包含蝶形天线和电极的 EdgeFET；（c）侧栅的
SEM图片
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length， and process-induced overlap between the gate electrodes and the platform leads to an effective channel width that is narrower than the designed width.  The theo⁃retical curve is completely in line with the experimental data， demonstrating that the resonant frequency of the EdgeFET adheres to the relationship described by Equa⁃tion （14）， preliminarily validating the theory.At 77 K， distinct resonant detection characteristics were successfully observed.  Similar to the traditional HEMT， the EdgeFET demonstrates that its terahertz non-resonant response peaks exhibit frequency-independent characteristics， whereas the resonant response demon⁃strates strong frequency dependence.  In the experi⁃ments， the resonant responsivities at 4 frequencies are higher than their corresponding non-resonant responsivi⁃ties.  However， at 265. 5 GHz， the resonant responsivity is lower than the non-resonant responsivity.  The varia⁃tion in the relative intensity between resonant and non-resonant responses may result from antenna coupling and substrate effects［25，31-32］， which needs further investigation in the future.  Furthermore， the resonant detection re⁃sponse peaks of the EdgeFET exhibited a certain degree of broadening， and the responsivity remained relatively low.  This may be attributed to losses present in the actu⁃al device.Resonant detection has been reported in previous 

studies［13-16，33-38］.  However， in those works， the resonant response voltage was extremely weak—often nearly unde⁃tectable， and significantly lower than the corresponding non-resonant response.  Moreover， most of the previous studies did not provide quantitative responsivity values.  In contrast， EdgeFET of this work exhibits a distinct res⁃onant responses at 77 K， with a relatively high responsiv⁃ity， achieving a resonant response that exceeds the non-resonant response.  Consequently， the device demon⁃strates superior resonant performance compared to previ⁃ously reported counterparts.In addition， the effective gate length Leff was signifi⁃cantly shorter than the actual gate length L.  This discrep⁃ancy may stem from the simplified assumptions in the the⁃oretical derivation， which neglect the carrier concentra⁃tion gradient in the vertical current direction and approxi⁃mate the current in the channel as one-dimensional.To address these issues， the next phase of research will focus on developing a two-dimensional plasma wave propagation model to refine the theoretical framework of EdgeFET resonant detection.  Furthermore， optimizing the device fabrication and structural design will enhance resonant detection responsivity to satisfy the sensitivity requirements of commercial terahertz detection systems.

Fig.  6　（a） Image of terahertz detection platform； （b） Image of PCB； （c） Image of the liquid nitrogen dewar
图 6　（a）太赫兹测试平台的图片；（b）PCB的图片；（c）液氮杜瓦瓶的图片
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4 Conclusions 
In summary， this study presented theoretical re⁃search on the resonant detection of EdgeFET THz detec⁃tors and established a frequency model for resonant detec⁃tion tailored to EdgeFET.  An EdgeFET THz detector was fabricated with a gate length of 170 nm and a gate width of 200 nm， which was integrated with a bowtie antenna.  The mesa was dry-etched with an Al ₂ O ₃ mask to make good contact between the side gates and the mesa.  Char⁃acterization in the 200–384 GHz range at 77 K revealed distinct resonant responses.  The established device pro⁃vided resonant responses higher than previously reported works， surpassing the maximum non-resonant response at the same frequency.  The resonant responsivity at 259 GHz reached 3. 7 times the maximum non-resonant one.  The accuracy of the EdgeFET resonant detection frequen⁃cy model was preliminarily validated by fitting the experi⁃mental data on the relationship between resonant frequen⁃cy and gate voltage with the theoretical model.  This work lays a solid foundation for constructing higher-perfor⁃mance terahertz resonant detectors.
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基于侧栅AlGaN/GaN HEMT的共振探测太赫兹探
测器

靳晨阳 1，3，4，5， 康亚茹 1，5， 李叶然 1，3，6， 颜 伟 1，3*， 宁 瑾 1，3，4，5， 赵永梅 1，3，4，5， 
李兆峰 1，2，3，4，5*， 杨富华 1，2，3， 王晓东 1，2，3，5

（1. 中国科学院半导体研究所 半导体集成技术工程研究中心，北京 100083
2. 中国科学院大学 材料科学与光电研究中心，北京 100049
3. 中国科学院大学 材料科学与光电技术学院，北京 100049
4. 中国科学院大学 电子电气与通信工程学院，北京 100049

5. 中国科学院大学 集成电路学院，北京 100049
6. 怀柔实验室，北京 101499）

摘要：高电子迁移率晶体管（HEMT）太赫兹探测器由于栅宽过大，会导致沟道中产生杂散等离子体波模式，造

成共振探测响应信号微弱，以及响应峰展宽。针对上述问题，提出一种侧栅 HEMT（EdgeFET）结构。基于传

统HEMT的二维电子气（2DEG）流体动力学方程，建立了侧栅器件的共振探测模型。制备了侧栅HEMT探测

器，并在 77 K下进行了太赫兹共振探测实验。实验结果表明：EdgeFET在 77 K下展现出明显的共振响应，共

振响应度可达到最大非共振响应度的 3.7倍。实验数据与理论模型拟合良好，验证了模型的准确性。实验结

果充分证实了侧栅 HEMT在提升探测器共振性能方面的有效性，为开发下一代高性能太赫兹探测器提供了

新的技术途径。
关 键 词：AlGaN/GaN HEMT；侧栅；太赫兹；共振探测
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