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We present a novel approach to achieve terahertz-range cutoff frequencies and maximum 

frequencies of operation of GaN based heterostructure field-effect transistors (HFETs) at relatively 

high drain voltages. Strong short-channel effects limit the frequency of operation and output power 

in conventional geometry GaN HFETs. In this work, we propose a novel device with two additional 

independently biased electrodes controlling the electric field and space-charge close to the gate 

edges. As a result, the effective gate length extension due to short channel effects is diminished and 

electron velocity in the device channel is increased. Our simulations show that the proposed five-

terminal HFET allows achieving fT=1.28 THz and fmax= 0.815 THz at the drain voltages as high as 

12 V. Hence, this device opens up a new approach to designing THz transistor sources. 
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1.   Introduction 

Electronic devices operating in the THz frequency range will enable applications in radio 

astronomy, Earth remote sensing, radars and vehicle radars, scientific investigations, non-

destructive testing of materials and electronic devices, chemical analysis, explosive 

detection, moisture content, coating thickness control, imaging, and wireless covert 

communications. In spite of great demand for efficient THz sources, compact and 

efficient transistor THz sources are not yet available. Achieving electronic device 

operation in the THz range is a complex multifaceted problem involving the control of 

electron velocity, electric field and potential profiles, access resistances, parasitic 

parameters, and electromagnetic coupling. Figure 1 clearly shows that electronic sources 

run out of steam above 0.1 THz, whereas photonic THz sources are more effective at 

frequencies above 10 THz. In the THz range, current electronic sources, such as 

photomixers and frequency multipliers can only deliver the RF powers in micro-watt 

range. THz lasers can emit high powers, up to 1 W, however, these devices are bulky, 

require high pumping powers and cannot be fabricated using integrated technology, 

which is a key feature of the modern functional system and building block design 

concept. 
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Figure 1. Illustration of  THz gap problem (from 1 IEEE©2007). Filled circles correspond to  

cryogenic sources 

One of the most important criteria for an efficient THz emission is the peak electron 

velocity.  

InGaAsInGaAs

 

Figure 2. Drift electron velocity in various III-V materials (after 2, 3) 

Figure 2 compares electron velocity- field dependencies in various III-V materials. InN 

(4.5 ×107 cm/s)  and InGaAs (close to 108 cm/s) have the highest peak velocities. GaN is 

the next to these materials with the peak velocity of 3×107 cm/s. In very short-gate 

devices, the average velocities under the gate might be considerably higher than the 

steady state values, due to so-called overshoot effects. 2. Both InN and GaN have peak 

overshoot velocities are expected to be close to 108 cm/s. However, in InN material, the 

electron reach peak velocities at lower electric fields thus allowing for highest average 

velocities at longer gate length, around 0.15 µm as compared to 0.05 µm gate length 

required for GaN based devices. 
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Recently the cutoff frequencies in THz or sub-THz range have been demonstrated by a 

number of groups. The fmax above 1 THz has been achieved with InGaAs/InP HEMT 4, 

300 GHz InP HEMT MMIC with 100 µW output power has been demonstrated by 

HRL. 5 Outstanding results have been achieved using advances in Si-technology. NMOS 

and PMOS devices fabricated using 45nm gate process with fT of 485 GHz and 345 GHz 

respectively have been demonstrated by IBM. 6 The achievements in THz sources 

development correspond to the cutting edge III-V and Si technology; yet no THz 

operation and high-powers have been achieved simultaneously. The key obstacles to 

solving the problems remain relatively low current density in Si, GaAs and InP based 

devices, rapid degradation of cut-off frequencies with increasing drain bias (due to short-

channel effects), and low operating voltages in devices with submicron inter-electrode 

spacing. 

2.   GaN Heterostructure Field-Effect Transistors 

GaN based Heterostructure field-effect transistors (HFETs, a.k.a. HEMTs) exhibit record 

high electron densities and high peak electron velocity and mobilities in the 2D channel, 

which promise simultaneous achievement of cut-off frequencies, fT, in the THz range and 

high output powers using nanoscale (~ 30 nm) gate technology. This makes GaN HFETs 

excellent candidates for high-power solid-state THz sources. The key problems 

precluding THz operation of GaN HFETs are related to effective gate length increase at 

high drain bias and access resistances causing significant degradation in fT and fmax 

frequencies. 

 

 

Figure 3. Cut-off frequencies of GaN based HFET vs. drain bias (from 7) 

Figure 3 shows the dependence of fT and fmax for GaN HFET with 150 nm long gate 

reported in 7. The simulation results of 7 lead to important observation illustrating the 

difficulties in achieving THz operation with GaN HFETs. The effective gate length 

significantly exceeds the physical gate length. The difference is due to the 2DEG space 

charge region expansion into the gate-to-drain spacing with increasing drain bias.  For the 

device with the actual gate length of 0.15 µm, the effective gate length reaches 0.25 µm at 
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14 V drain bias and around 0.5 µm at 32 V drain bias. It has been suggested that an 

additional field-controlling electrode (FCE) located in the near vicinity of the drain-side 

gate edge can efficiently control the extend of the space charge and thus the cut-off 

frequencies at high drain bias. Figure 4 shows the experimental data on the fT – drain bias 

dependence for GaN HFETs with the drain FCE.  
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Figure 4. The FT – drain bias dependencies for GaN HFET with 0.3 µm long gate and different gate-to 

FCE spacing (after 8) 

As seen the addition of the FCE on the drain side of the gate allows for a complete 

suppression of the effective gate length increase and correspondingly leads to the nearly 

bias independent fT. Another important set of limitations on the microwave performance 

of GaN HFETs arises from the access resistances. It is well known that, in GaN 

technology the achievable contact resistance values are significantly (around an order of 

magnitude) higher than those in GaAs technology. Contact annealing in GaN devices also 

requires much higher temperatures, leading to rough contact edges and calling for larger 

gate – to ohmic spacing to avoid premature breakdown and inter-electrode shortening. 

The source access resistance RS comprising contact resistance RC and source-gate opening 

resistance RSG significantly reduces the external transconductance of sub-µm gate devices 

and leads to lower drain saturation currents. In addition, the total source and drain access 

resistances increase the knee voltage, thus requiring higher drain voltage to operate the 

device and to achieve high RF powers. Another problem associated with the access 

region is the 2DEG depletion due to the surface potential modulation. As a result, the 

carrier concentration in channel outside the gate becomes lower than that under the gate 

at high positive input signals. This leads to lower power gain and to an increase in the 

effective gate length at large input signals.  

 

A new approach to significantly decreasing the contact resistance and allowing for  

a very tight source-gate-drain spacing was proposed in 9, 10. This approach uses 
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capacitively-coupled contacts (C3) to fabricate microwave HFETs with low contact 

resistance at microwave frequencies and with independent control of induced carrier 

concentration in the source-gate and gate drain openings. 9 
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Figure 5. Schematic structure and effective contact resistance of the RF-enhanced contact to GaN HFET 9 

3.   Proposed novel five-terminal GaN based THz HFET 

In this work, we propose a novel device with two additional independently biased 

electrodes controlling the electric field and space-charge in the close vicinity of the gate 

edges, both at the source and drain sides . Source and drain field- and space-charge field 

controlling electrodes (FCEs) capacitively coupled with the source and drain ungated 

regions fundamentally change the HFET performance at THz frequencies. Additional 

bias voltages applied to the source and FCEs increase the electron concentration and 

velocity at the source edge of the gated channel and control the space-charge spread at 

the drain edge. As a result, the electron velocity under the gate electrode is increased and 

the space-charge penetration into the gate-drain region is minimized. 
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Figure 6. Schematic structure of 5-terminal THZ HFET with field-controlling electrodes (FCEs) 

Due to very short gate lengths in THz HFETs, even small values of the source access 

resistance have significant effect on the device peak current and therefore, on the 

transconductance and cut-off frequency. The effect of source resistance on the 
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MOSHFET with the gate length LG = 0.03 µm is illustrated in Fig. 7 (a). The threshold 

voltage VT= -3 V was used in these simulations. 
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(b) 

Figure 7. (a): Effect of the source access resistance on the MOSHFET peak drain current;  

(b): Transfer characteristics of the MOSHFET with and without source C3 electrode. 

The effect of source – drain access resistance reduction due to capacitively-coupled 

source electrode is illustrated in transfer characteristics of Fig. 7 (b). The transfer 

characteristics were simulated using the MOSHFET with the gate length LG = 0.03 µm 

and the source-gate spacing of 0.1 µm. The AlGaN barrier thickness was 10 nm. For the 

device without C3 source electrode, the access resistance of the source-gate spacing was 

calculated using the sheet resistance RSH = 300 Ω/sq. For the device with C3 source 

electrode under positive bias inducing additional electrons into the 2 D channel, we used 

the data of 11 providing the maximum additional carrier concentration that can be induced 

in the AlGaN/GaN 2DEG channel. According to 11, the induced carriers can reduce RSH 

by a factor of two. The value of R=150 Ω/sq was used to simulate the transfer curve for 

the MOSHFET with source C3 electrode in Fig. 7 (b). 

 

The ADS simulations for the proposed 5-terminal GAN HFET at 10 V drain bias are 

shown by solid lines in Figure 8. For the ADS simulations we used a MOSFET level 3 

model to simulate the intrinsic HFET. The model input data were recalculated using 

parameters specific for the GaN HFET, such as 2DEG equilibrium sheet density, 

threshold voltage, barrier and dielectric thickness etc. The access regions were simulated 

using equivalent circuit of the RF-enhanced contacts extracted from MATLAB 

simulations (the data presented in Figure 5). Physical gate length was taken as 0.01 µm. 

The effective gate length for the device without FCE, was taken as drain bias dependent, 

increasing from the geometrical value at zero drain bias to 80 nm at 10 V drain bias 

according to the data from reference [7]. For the 5-terminal device with FCEs, the 0.02 

µm gate FCE separation was assumed. Correspondingly, the effective gate length was 
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kept at 30 nm independently of the drain bias as the gate depletion region extension is 

controlled by the gate – FCE spacing. The effective electron velocity was estimated using 

the technique and results of 7. For a conventional geometry HFET, the electron velocity 

was vm =1.5×10
7 cm/s whereas for the HFET with FCEs, vm = 2.7×10

7
 cm/s (see Fig. 1.).  

 

As seen from the simulation results of Figure 8, the novel approach allows achieving 

fT=1.28 THz and fmax= 0.815 THz at the drain voltages as high as 10 V. The proposed 

device, therefore, opens up a new approach to fabricating high-power THz transistor 

sources.  
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Figure 8. Current and power gain of 5-terminal HFET simulated with ADS. 

Table 1 shows the summary of the input device parameters and performance of the 

proposed 5-terminal HFETs in comparison with the conventional geometry HFET. 

Table 1 

Parameter 5-Term. HFET Regular HFET 

Layout LG = 10 nm; W = 15 um; 

Effective gate length LG = 30 nm LG = 80 nm 

Electron velocity 2.7 107 cm/s 1.5 107 cm/s 

fT 1.28 THz 300 GHz 

fMAX 815 GHz 700 GHz 

Expected output powers of the proposed device can be estimated as follows. Consider the 

5-terminal MOSHFET with the total width of 20 µm. The drain bias of 5 V can be 

applied across this device assuming that the surface flash-over breakdown effects are 

suppressed by the dielectric encapsulation. In this case, the highest electric field existing 

across the gate – FCE region, is 5V/0.02 µm is 2.5 MV/cm, not exceeding the breakdown 

filed for GaN. The peak drain current of such device, according to the data of Reference 
11, is IM ≈ 3.5 A/mm × 20×10-3 mm = 70 mA. The output power at the drain bias VD = 5 V
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and the knee voltage VKN = 2 V is Pm ≈ IM×(VD-VKN)/4 ≈ 35 mW. This power is much 

higher than that ever obtained using InGaAs-based or other THz transistors. 

 

In conclusion, we considered the possibility of using high electron velocities in III-N 

materials to penetrate the THz range with higher power than InGaAs based devices. We 

analyzed the factors preventing the III-N devices from achieving THz cut-off frequencies. 

These include effective gate length extension and high access resistances. We proposed a 

novel 5-terminal device with field-controlling electrodes which has a promise to 

achieving the current cutoff frequency of 1.28 THz and fmax of 815 GHz at the drain bias 

as high as 10 V. 
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