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Abstract—We demonstrate RF-compatible quantum well 

InGaAs MOSFETs integrated on Si substrates, with LG down 

to 14 nm and a Si CMOS compatible RMG fabrication flow. 

Devices exhibit simultaneously extrapolated ft and fmax of 370 

and 310 GHz, respectively, the highest reported combined 

ft/fmax for III-V MOSFETs on Si.  This is enabled by the scaled 

LG, gm of 1.75 mS/µm, 8 nm source and drain spacers and 

raised source and drain extensions maintaining low access 

resistance. The use of the InP/In0.75Ga0.25As/InP quantum well 

offers three times higher electron mobility and a 60% increase 

of gm, compared to reference devices. 

I. INTRODUCTION 

High-electron mobility III-V semiconductors, such as the 

InxGa1-xAs system, have been widely investigated as 

replacements for Si in CMOS technology, offering increased 

drive current at reduced VDD [1][2]. They are also currently 

being used as the channel in state-of-the-art HEMTs for high-

speed electronics, as well as considered for future mm-wave 

applications [3]. Integration of III-V layers on Si substrates 

presents challenges and opportunities in both cases. For the 

former, integration is necessary in order to utilize the 

infrastructure and technology established by Si CMOS [4]. For 

the latter, successful integration would enable e.g. combined 

RF and digital signal processing capabilities, reducing cost and 

enabling new functionalities, improving upon what is currently 

supplied by Si RF-CMOS technology [5]. Integration of 

HEMTs on Si is challenging due to in part having to transfer a 

complex heterostructure onto a Si substrate with minimal loss 

of electron mobility, in part due to that standard HEMT 

fabrication utilizes a flow which is typically not compatible 

with Si CMOS. In this work, we present InGaAs-on-Si quantum 

well MOSFETs for RF-applications, utilizing a Si CMOS 

compatible replacement metal gate (RMG) fabrication flow and 

achieving record RF performance for III-V-on-Si FETs. Using 

this highly scalable technology, we also demonstrate ultra-

scaled RF-devices with LG down to 14 nm, among the shortest 

ever reported for this type of device. 

II. FABRICATION 

Fig. 1 shows a cross-sectional schematic of the fabricated 

InGaAs-on-Si quantum well RF-MOSFET. Fabrication follows 

a Si CMOS compatible RMG process flow with self-aligned 

raised source and drain (RSD) epitaxially grown contacts [6]. 

Compared to our previous work, we introduce here an 

InP/In0.75Ga0.25As/InP quantum well (QW) in the channel, an 

enhanced SiNx spacer process, as well as RF-optimized device 

structure and layout. The fabrication proceeds with integration 

of the QW heterostructure on a Si wafer by direct wafer 

bonding, a technique compatible with large-area Si substrates 

as well as 3D sequential integration [7]. Reference devices 

without the InP top barrier layer, as well as FinFET RF-devices 

are also fabricated (the latter formed by a fin dry etch of the 

channel). Subsequently, the dummy gate is deposited and 

patterned, and the 8 nm SiNX spacers are formed by atomic 

layer deposition (ALD) and reactive ion etching (RIE). RSD 

spacers extensions are then formed by several cycles of 

controlled oxidation and etching, which form a cavity under the 

spacers as well as remove the InP top barrier in the contact 

regions. Following, metal-organic chemical-vapor deposition 

(MOCVD) regrowth of 25 nm n+ InGaAs (ND ~ 1e19 cm-3) 

RSD contacts is performed, which fills the cavities under the 

spacers to form the RSD extensions. An interlayer dielectric 

layer (ILD) is then deposited and planarized by CMP, followed 

by stripping of the dummy gate. Subsequently, the Al2O3 & 

HfO2 (EOT ~1 nm)/TiN high-k metal gate is deposited by ALD, 

Fig. 2(a) shows a cross-sectional STEM image of the device at 

this stage. Following, W is sputtered and patterned as the gate 

top-metal for reduced gate resistance. Next, a second ILD is 

deposited, and the M1 contacts are deposited and patterned. For 

devices with more than two gate fingers, a second metal level 

is deposited to connect the sources of the device. Fig. 2(b) 

shows a cross-sectional SEM image of a fabricated device with 

two gate fingers, as well as a top-view SEM image in Fig. 2(c), 

showing the layout of the device. 

Fig. 3 shows a HRTEM image of the channel region, 

including an energy-dispersive X-ray spectroscopy (EDX) map 

of the QW heterostructure. From the EDX map, the dimensions 

of the QW are determined to be 2 nm InP/10 nm InGaAs/20 nm 

InP. The InGaAs layer shows high crystalline quality, as well 

as a near-perfect InP/InGaAs interfaces. 

III. RESULTS 

Devices are first characterized under DC conditions. Fig. 4 

shows output characteristics of devices with LG = 20, 60 and 

120 nm, respectively. The presence of the 2 nm InP top barrier 

decreases resilience against short channel effects (SCE) (gd of 

references devices without the top barrier is 50% lower), but LG 

= 20 nm devices nevertheless show relatively healthy output 

behavior. The on-resistance, RON, for the three devices is 400, 

470 and 525 Ωµm, respectively. Transfer characteristics for the 

LG = 20 nm device is shown in Fig. 5. Peak transconductance, 

gm,peak, reaches 1.25 mS/µm at VDS = 0.5 V, as well as 

maximally 1.3 mS/µm at VDS = 0.9 V. The gm peaks at VGS = 0 



 

 

V, which is optimal for RF-applications due to improved gate 

oxide reliability. Devices without the InP top barrier peak 

instead at 0.3 V, which indicates a reduced influence of the 

interface traps (i.e. Fermi level pinning) in the former. Fig. 6 

further shows gm,peak versus LG for devices with and without the 

2 nm InP top barrier. In scaled devices, i.e. those operating in 

the quasi-ballistic regime, thus scaling with the transmission, 

rather than the mobility, gm,peak is ~60% higher with the top 

barrier [8]. For long-channel devices, i.e. those operating close 

to the drift-diffusion regime, gm,peak is approximately 3x higher 

using the top barrier, indicating a similar difference in electron 

mobility between the two types of devices. We calculate the 

mobility from the slope of RON versus LG, as shown in Fig. 6, 

by approximating the oxide capacitance. 1500 and 500 cm2/Vs 

is obtained for devices with and without the top barrier, 

respectively. This difference is assumed to be caused by 

reduced surface roughness and oxide defect scattering using the 

top barrier. From the y-axis intercept, the extrinsic resistance 

Rext ≈ 400 Ωµm is obtained. This parameter can be further 

analyzed considering the schematic of the total contributions to 

RS = Rext/2 = RC + RA + RSp shown in the inset of Fig. 8. From 

TLM measurements (Fig. 8) we determine RC = 75 Ωµm and 

RA = 25 Ωµm, and deduce the spacer resistance RSp = 100 Ωµm. 

Device performance is thus limited by the RSp. Nevertheless, RS 

is comparable to that of state-of-the-art HEMTs, which utilize 

modulation doping to obtain very low RSp, but incur a penalty 

in the vertical direction due to the presence of an InAlAs barrier 

in the contact regions [9].  

RF-characterization was performed up to 45 GHz with a 

Keithley vector network analyzer. De-embedding using on-chip 

open and short structures was performed up to (but excluding) 

M1. Fig. 9 shows a gain plot of a two-finger, LG = 20 nm device 

exhibiting cutoff frequency ft = 370 GHz and maximum 

oscillation frequency fmax = 310 GHz at VDS = 0.9 and VGS = 0 

V. Here, ft and fmax are extrapolated at -20 dB/decade using a 

hybrid-π small signal model with excellent fit to the measured 

S-parameters [10]. This represents the highest combined ft and 

fmax for a III-V MOSFET on Si. Fig. 10 and 11 show ft and fmax, 

respectively, versus LG. The inset of Fig. 10 shows a STEM 

image of the channel region in a LG = 14 nm device, one of the 

shortest LG III-V RF-MOSFETs or HEMT devices ever 

fabricated, enabled by the highly scalable process flow 

presented in this work. ft peaks at 370 GHz for LG = 20 nm, 

while fmax peaks at 360 GHz at LG = 35 nm due to lower gate 

resistance, RG.  Fig. 12 shows gm and gd at VDS = 0.9 V, obtained 

from the hybrid-π model at f = 10 GHz. gm peaks at 1.75 mS/µm 

for LG = 30 – 35 nm and is somewhat reduced for shorter LG 

due to short channel effects. The gm frequency dispersion is 

minimal, indicating only minor influence of oxide border traps 

compared to other reports for III-V MOSFETs. This is 

explained by an increased tunneling distance from the channel 

to the border trap due to the InP top barrier. Fig. 13 further 

shows the voltage gain AV = gm/gd for both FinFET and planar 

RF-devices. Planar devices exhibit AV = 5 at optimal LG, while 

FinFETs exhibit AV = 20 to 30 at similar LG. This shows a 

potential advantage of FinFETs for RF-applications. FinFETs 

fabricated here, however, show reduced ft/fmax = 150/150 GHz, 

due to increased parasitic capacitances coming from 

insufficient fin spacing scaling.  

Fig. 14 shows Cgs and Cgd versus LG. Cgs contains 

contributions from the parasitic capacitances Cgs,par (primarily 

between the RSD and the gate, as well as the gate metal and the 

S/D W plugs), the oxide capacitance COX as well as the quantum 

capacitance CQ, which becomes significant for very scaled EOT 

such as in this work. Thus, as can be seen, scaling LG from 20 

to 14 nm offers only a small reduction of Cgs, 0.7 to 0.65 fF/µm, 

due to Cgs being dominated by Cgs,par and CQ. Together with the 

reduction of gm due to SCE, this explains why peak ft is obtained 

at LG = 20 rather than 14 nm. Fig. 15 shows ft and gm versus the 

distance d between the source/drain and the gate, from 200 to 

1900 nm, at LG = 20 nm. In this range, Cgs + Cgd is reduced by 

30% due to decoupling of the parasitic capacitance between the 

gate metal and the source/drain W plugs, while gm is reduced 

from 1.45 to 1.05 mS/µm due to increased RA. Peak ft is 

obtained at d = 400 nm due to an optimal combination of Cgs + 

Cgd and gm. 

Fig. 16 shows a benchmark of ft and fmax for III-V-on-Si 

MOSFETs as well as state-of-the-art Si RF-CMOS [11]-[16]. 

Dashed traces show geometric means, √𝑓𝑡 × 𝑓𝑚𝑎𝑥. The devices 

shown in this work represent the first demonstration of a Si 

CMOS compatible III-V technology clearly outperforming 

state-of-the-art Si RF-CMOS. 

IV. CONCLUSIONS 

We have demonstrated quantum well InGaAs RF-

MOSFETs integrated on Si substrates using a Si CMOS-

compatible self-aligned RMG process flow with LG down to 14 

nm. LG = 20 nm devices exhibit extrapolated ft = 370 GHz and 

fmax = 310 GHz, the highest reported for III-V MOSFETs on Si. 

This is the first demonstration of III-V-on-Si clearly 

outperforming Si RF-CMOS, showing that III-V’s could make 

a significant impact in this field. 
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Fig. 1. Schematic cross-section of a 

fabricated device, with a HKMG, raised 

source and drain epi, SiNx spacers and 

a quantum well InGaAs channel. 

 

Fig. 2. (a) Cross-sectional STEM pictograph of a fabricated device with LG = 18 nm, before deposition 

of the M1 level. (b) Cross-sectional SEM pictograph of fabricated devices after M1. (c) Top-view SEM 

pictographs of a fabricated device with two gate fingers. Devices with 4 gate fingers were also 

fabricated, in which case an additional metal line connected the sources together. 

    

   

   

         
   

   

          

   

                  

      

   

  
 

 

 

    

      

   

 

Fig. 4. Output characteristics of fabricated devices with LG = 20, 60 and 120 nm. 

The 20 nm device shows significant short-channel effects at high bias due to the 

presence of the 2 nm InP top barrier. The on-resistances are 400, 470 and 525 

Ωµm, respectively. 

 

 
Fig. 3. HRTEM pictograph and EDX map of the channel 

region. 2 nm InP/10 nm In0.75Ga0.25As/20 nm InP is determined 

for the channel heterostructure. High crystal quality is observed 

for the InGaAs layer, as well as the InP/InGaAs interface, 

which gives rise to the strong increase of mobility as compared 

to devices without the InP top barrier. 

 

         

     

    

   

      

   

 
Fig. 6. Average values of the on-resistance 

versus gate length, for devices both with and 

without the 2 nm InP top barrier. The extrinsic 

resistance Rext is approximately equal, but the 

mobility is 1500 cm2/Vs and 500 cm2/Vs, with 

and without the InP, respectively.  

 
Fig. 7. Peak transconductance for devices with 

and without the 2 nm InP top barrier. The 

increased mobility yields a 60% improvement 

at scaled LG for devices with the QW, and a 3x 

improvement at long LG, i.e. in the drift-

diffusion regime, corresponding to the 

increase of mobility. 

 

Fig. 5. Transfer characteristics of a device with 

LG = 20 nm (same as in Fig. 4 and 11). Peak 

transconductance of 1.25 mS/µm is obtained at 

VDS = 0.5 V.  
 



 

 

 

 

 

 

 

 

 

 

 
Fig. 8. TLM measurements of van der Pauw 

structures. Inset shows a schematic of the contact 

region with associated contributions to the total 

extrinsic resistance Rext/2 = RC + RA + RSp. 

 
Fig. 9. Gain plot for the highest performing 

device. ft and fmax are obtained from -20 

dB/decade extrapolations confirmed by a 

small signal model with excellent fit to the 

measured S-parameters.  
 

 
Fig. 11. fmax versus gate length. fmax 

peaks at 360 GHz for LG = 35 nm. The 

reduction of fmax for shorter LG is due to 

an increase of RG, from ~30 Ω at 

maximum fmax to ~60 Ω at LG = 14 nm.  

 
Fig. 15. ft and gm versus distance between 

source/drain and gate. In this range, gm is reduced 

from 1.45 to 1.05 due to increased access 

resistance, while Cgs + Cgd is reduced by 30%. The 

optimum between capacitance and gm is found at d 

= 400 nm. 
 

 
Fig. 12. gm and gd at VDS = 0.9 V measured 

at 10 GHz versus LG. For gm, the frequency 

dispersion is minimal indicating only a 

minor impact from border traps. gm peaks 

at 1.75 mS/µm but is reduced at shortest LG 

due to short channel effects. 
 

 
Fig. 14. Cgs and Cgs versus LG. Cgs 

contains parasitic capacitances, as well 

as the oxide and quantum 

capacitances. Scaling of Cgs (through 

Cox) with LG is limited for this reason. 
 

 
Fig. 16. Benchmark of III-V RF-MOSFETs 

as well as state-of-the-art Si RF-CMOS. The 

devices presented here for the first time 

clearly outperform Si RF-CMOS, as well as 

exhibit the highest combined ft/fmax for a III-

V-on-Si MOSFET. 

 
Fig. 13. Voltage gain AV = gm/gd for planar and 

FinFET RF-devices. At peak ft, AV is 4-5 for the 

planar devices, while being ~20 for the FinFETs 

due to strong reduction of gd in the latter. 

However, FinFETs exhibit ft/fmax = 150 /150 GHz 

due to increased parasitics. 
 

 
Fig. 10. ft versus gate length. ft peaks at 

370 GHz for LG = 20 nm. Inset shows 

a STEM image of the channel for the 

LG = 14 nm device, which is among the 

shortest reported for an RF-MOSFET 

or HEMT. 
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