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Design and realization of InP-based resonant tunneling diode THz oscillator
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Abstract：An oscillator above 1 THz is designed and realized using InP-based resonant tunneling diode（RTD）
and an on-chip antenna with Si-lens. The RTD model was built and studied with Silvaco software. The influences
of the doping concentration of emitter，the thickness of barrier layer，space layer，and well layer on the DC char⁃
acteristics of the device have been analyzed. The DC measurement of the RTD shows the peak current density Jp =
359. 2 kA/cm2，the valley current density Jv = 135. 8 kA/cm2，and the peak-to-valley current ratio（PVCR）=
2. 64. According to the measurement，the maximum RF output power and oscillation frequency（fmax）are theoreti⁃
cally calculated，which are 1. 71 mW and 1. 49 THz，respectively. The oscillator with an on-chip bow-tie antenna
and RTD is packaged with Si-lens. The measurement shows the output power is 2. 57 µW at an operation frequen⁃
cy of above 1 THz，the DC power consumption is 8. 33 mW. This is the first reported oscillator of frequency
above 1 THz in domestic.
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InP基共振隧穿二极管太赫兹振荡器的设计与实现

刘 军 1*， 宋瑞良 1， 刘 宁 1， 梁士雄 2
（1. 中国电子科技集团公司第五十四研究所北京研发中心，北京 100070；

2. 河北半导体技术研究所专用集成电路国家重点实验室，河北 石家庄 050051）
摘要：利用 InP基共振隧穿二极管（RTD）和加载硅透镜的片上天线设计实现了超过 1 THz的振荡器。采用

Silvaco软件对RTD模型进行仿真研究，分析了不同发射区掺杂浓度、势垒层厚度、隔离层厚度以及势阱层厚

度等对器件直流特性的影响规律。对研制的RTD器件直流特性测试显示：峰值电流密度 Jp为 359.2 kA/cm2，
谷值电流密度 Jv为 135.8 kA/cm2，峰谷电流比PVCR为 2.64，理论计算得到的器件最大射频输出功率和振荡频

率（fmax）分别为 1.71 mW和 1.49 THz。利用透镜封装的形式对采用Bow-tie片上天线和RTD设计的太赫兹振荡

器进行封装，测试得到振荡频率超过 1 THz，输出功率为 2.57 µW，直流功耗为 8.33 mW，是国内首次报道超过

1 THz的振荡器。
关 键 词：太赫兹；共振隧穿二极管；振荡器
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Introduction
The terahertz（THz）frequency band（0. 3~10 THz）

has attracted fast-growing research interests due to its
many possible applications，such as imaging systems for
radar or security imaging，spectroscopy in chemistry and
biotechnology and high-data-rate communications ［1-6］.

The compact and coherent solid-state THz signal sourcesare considered to be the key components for these appli⁃cations. Compared with any other traditional electronicdevices such as field-effect or bipolar transistors（MOS⁃FETs，HEMTs or HBTs），or diode technologies（IMPA⁃TT， Gunn， etc.）， the resonant tunneling diodes
（RTDs）have also been considered as one of the most
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promising candidates for THz oscillators at room tempera⁃ture ［7-10］. The advantages of RTDs include the facts thatthey can exhibit the highest oscillation frequency of theinherent negative differential conductance（NDC）due tothe resonant tunneling among the electronic devices andconsume low power，as well as the output power is easilymodulated through the bias network and can operate atroom temperature.In this paper，we propose and fabricate a THz oscil⁃lator with InP-based RTD and dielectric lens antenna.The influences of material structure including the dopingconcentration of emitter，the thickness of barrier layer，space layer，and well layer on the DC characteristics areanalyzed by Silvaco software. Excellent DC characteris⁃tics of the RTD are demonstrated with Jp = 359. 2 kA/cm2，Jv = 135. 8 kA/cm2，and PVCR = 2. 64. The oscilla⁃tor is packaged with Si-lens and exhibits the output powerof 2. 57 µW at an operation frequency above 1 THz.
1 RTD device

RTDs are commonly realized in GaAs and InP.Compared with GaAs，InP material system offers betterproperties in the conduction band offset，the electron ef⁃fective mass. In0. 53Ga0. 47As can also be highly dopedwhen used as the RTD device electrodes to reduce theOhmic contact resistance. The material system for theRTD device utilized in this project is InGaAs/AlAs. InP-based RTD device is typically consisted of a narrow band⁃gap material（4∼6 nm thick quantum well）sandwichedbetween two thin wide bandgap materials（1∼3 nm AlAsbarriers），making up a double barrier quantum well
（DBQW）structure. The structure is completed by light⁃ly doped InGaAs spacer layers，n-type emitter/collectorlayers，and highly doped InGaAs contact layers on eachside of the DBQW，as shown in Fig. 1.The 2D structure of the device is defined in Deck⁃build based on the material structure as shown in Fig. 1by using the Atlas，which a device simulation productoriginating simulated from Silvaco. The relationship be⁃tween the epi-layer structure and DC characteristics hasbeen researched on the doping concentration of emitter，the thickness of barrier layer（tB），well layer（tW）andspacer layer（tS）. In order to observe the relationship be⁃tween the material structure and DC characteristics moreintuitively，the peak current（IP）and peak voltage（VP）of the device are mainly analyzed，as shown in Fig. 2.The simulation results in Fig. 2 shows that the perfor⁃mance of RTD devices is closely related to the epitaxialmaterial structure. In order to realize a high-power，high-frequency RTD device，the electrical characteristics ofthe device is optimized mainly by optimizing the negative

differential conductance region（NDR）in the I-V curvein this design. After optimization， the RTD materialstructure designed in this study is shown in Table 1.The RTD epi-material is grown on a 3-inch wafer us⁃ing molecular beam epitaxy（MBE）. The photograph ofthe manufactured InP-based RTD device with an emitterarea of 12 µm2 is shown in Fig. 3（a）. Characterizationof the device was done by on-wafer measurements withB1500A Semiconductor Device Parameter Analyzer atroom temperature. The on-wafer measured I-V character⁃istic of the RTD device is depicted in Fig. 3（b）. TheRTD shows peak voltage Vp=0. 91 V，peak current Ip=43. 1 mA，peak current density Jp=Ip/A=359. 2 kA/cm2，and peak-to-valley current ratio PVCR=Ip/Iv=2. 64.Figure 4 shows the small-signal equivalent circuit ofthe RTD. The total series resistance（Rs）of the diode in⁃cludes ohmic contact resistance，spreading resistance，and resistance due to the epitaxial layer. The Rs ≈4. 8 Ωis estimated from transmission line measurements
（TLM）. The self-capacitance（Cn）represents the charg⁃ing and discharging effect of electrons at the semiconduc⁃tor depletion regions. The Cn ≈11 fF is measured byB1500A. The quantum-well inductance（Lqw）representsthe electron dwell time in quantum well and will not limitthe oscillator frequency［11］.The frequency dependent impedance of the RTD isgiven by Eq. 1.

Z ( f ) = R ( f ) + jX ( f ) . （1）
The maximum oscillation frequency（fmax） of theRTD is defined as the frequency where R（f）becomes ze⁃ro，as given by Eq. 2.

fmax = 1
2π
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Equation 2 simplifies to Eq. 3 when Lqw is assumedto be negligibly small. fmax = 1
2πCn

Gn
RS
- G 2n , （3）

Fig. 1 Illustration of InP-based RTD structure
图 1 InP基RTD结构示意图
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The RTD negative conductance（Gn）is given by
Gn = 3ΔI2ΔV , （4）

where △I=Ip-Iv，△V=Vp-Vv.The maximum available RF output power（Pmax）thata RTD-based oscillator can deliver to the load，which is
given by

Pmax = 3
16 ΔVΔI . （5） According to Eqs. 3-5，the theoretical fmax of theRTD is evaluated to be 1. 49 THz and the theoretical Pmax

Fig. 2 Peak voltage（Vp）and peak current（Ip）vs（a）doping
density，（b）tB，（c）tW，（d）tS

图 2 峰值电压和峰值电流随（a）掺杂浓度，（b）势垒层厚度 tB，
（c）势阱层厚度 tW，（d）隔离层厚度 tS的变化

Table 1 The layer structure of the RTD device used in
this study

表1 采用的RTD外延层结构
Composition
n+-In0. 7Ga0. 3As
n+-In0. 53Ga0. 47As
n+-In0. 53Ga0. 47As
un-In0. 53Ga0. 47As

un-AlAs
un-In0. 8Ga0. 2As
un-AlAs

un-In0. 53Ga0. 47As
n+-In0. 53Ga0. 47As
n+-In0. 53Ga0. 47As
un-In0. 53Ga0. 47As

InP Substrate

Doping/ cm-3
2*1019
2*1019
3*1018

3*1018
2*1019

Thickness/nm
8
15
25
20
1. 2
5
1. 2
2
20
400
200

Fig. 3 （a）Photo of the fabricated RTD，（b）measured I-V
characteristic of the RTD device
图3 （a）研制的RTD器件照片，（b）器件 I-V测试曲线

Fig. 4 Small-signal equivalent circuit of RTD
图4 RTD小信号等效电路模型
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=1. 71 mW. The DC measurement results of the RTD de⁃
vice and theoretical oscillation frequency and maximum
RF output power are summarized in Table 2.

3 Bow-tie antenna
Bow-tie antenna is a widely used wideband antenna

in terahertz band. The proposed bow-tie shape THz an⁃
tenna is shown in Fig. 5（a）and patterned over 25 µm
InP substrate. Due to the lower gain of the proposed an⁃
tenna，a silicon lens is mounted over the antenna as de⁃
picted in Fig. 5（b）. The simulation of the proposed an⁃
tenna is carried out in CST Microwave Studio. Fig. 6
shows the variation of the Voltage Standing Wave Ratio
（VSWR）and gain of the proposed antenna with Si-lens
which indicates more than 200 GHz impedance band⁃
width spanning from 0. 9 to 1. 1 THz and13. 7 dBi gain.

4 Oscillator measurement
Figure 7 presents the package configuration of the

quasi-optical RTD oscillator. It consists of RTD oscilla⁃tor by integrating RTD with a bow-tie antenna，a highly
resistive Si-lens and a low-frequency PCB. The fabricat⁃ed chip is mounted on Si-lens and wire-bonded with Auwires with a diameter of 50 µm onto PCB for the measure⁃ments of the oscillation characteristics.

Figure 8 shows the RTD oscillator packaged with
PCB and the detail of RTD oscillator. The THz signal isgenerated from the RTD oscillator and radiate into air
through Si-lens.

In order to characterize the performances of the fab⁃ricated oscillator，the room temperature measurement is

Table 2 RTD DC parameter and theoretical oscillation
frequency and maximum RF output power

表2 RTD直流参数和理论振荡频率以及最大射频输出功率

Ip/mA
43. 1

Iv/mA
16. 3

Vp/V
0. 91

Vv/V
1. 26

PVCR
2. 64

Jp（kA/
cm2）
359. 2

Jv（kA/
cm2）
135. 8

fmax/
THz
1. 49

Pmax/
mW
1. 71

Fig. 5 （a）schematic of the proposed bow-tie antenna，（b）an‐
tenna with Si-lens mounting
图 5 （a）本文采用的Bow-tie天线结构，（b）加载硅透镜后天线
结构示意图

Fig. 6 （a）VSWR and（b）gain of the proposed antenna with
Si-lens
图6 加载硅透镜天线的（a）驻波比和（b）增益

Fig. 7 Schematic of oscillator package
图7 振荡器封装示意图

Fig. 8 The photograph of the packaged oscillator
图8 振荡器封装实物图

Fig. 9 （a）Block diagram of measurement scheme，（b）photo
of the test environment
图9 （a）测试方案框图，（b）实际测试环境
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performed and the block diagram of the measurementscheme is shown in Fig. 9（a）. Due to lacking 1 THzspectrum analyzer，0. 75~1. 1 THz horn antenna andWR0. 65（1. 1~1. 7 THz） convert waveguide are usedwith PM5 for measuring the output power and frequencyas shown in Fig. 9（b）. The best performances of the fab⁃ricated oscillator are obtained at an applied bias voltageof 0. 95 V with a current of 8. 7 mA. A peak output pow⁃er of 2. 57 µW is obtained above 1 THz. The DC powerconsumption of the RTD oscillator is 8. 33 mW，whilethe DC-to-RF power efficiency is 0. 0308% at the opera⁃tion frequency.
Conclusion

A THz RTD oscillator is designed and fabricatedbased on InP RTD MMIC technology. The RTD deviceshows theoretically calculated maximum RF output powerof 1. 71 mW and fmax of 1. 49 THz. The oscillator showsan output power of 2. 57 µW with a DC power consump⁃tion of 8. 33 mW above 1 THz. This work shows the po⁃tential of the RTD oscillator topology as a practical THzsignal source for future THz applications. To our knowl⁃edge，this is the first reported oscillator of frequencyabove 1 THz in domestic.
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