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Abstract - A high-hole-mobility transistor (HHMT) with an 

intrinsic Ge channel is optimally designed and its DC and high-

frequency performances are investigated by technology 

computer-aided design (TCAD) simulation. An HHMT with a 

Ge channel and AlGaAs barrier on the Si substrate is 

characterized with a particular interest in the barrier design. 

More specifically, barrier doping concentration, total barrier 

thickness, and high-doped barrier thickness are considered as 

the critical design variables. A permissibly optimized device 

demonstrates cut-off frequency (fT) of 20 GHz and maximum 

oscillation frequency (fmax) of 80 GHz at a channel length of 90 

nm. The Ge HHMT with an AlGaAs barrier has the potential to 

be a component in the heterogeneously integrated monolithic 

circuits made of Si, group-IV alloys, and III-V compound 

semiconductors where electronic and optical devices can be 

simultaneously integrated with enhanced device performances.   
 

 
I. INTRODUCTION 

 

Recently, Ge technology is gaining great deal of interest 

owing to its high electron (~3,900 cm2/V·s) and hole (~1,900 

cm2/V·s) mobilities [1], which make Ge a candidate channel 

material for extending Si complementary metal-oxide-

semiconductor (CMOS) technology. The most recent 

technology roadmap is mentioning Ge and III-V explicitly as 

the complements of Si in the advanced logic technologies in 

the near future [2]. However, in any case, there is sparse 

possibility of replacing Si platform, owing to cost-

effectiveness and processing maturity of Si technology. In 

this paper, a high-hole-mobility transistor (HHMT) with an 

intrinsic Ge channel, which can be embedded in Si/Ge/III-V 

heterogeneous integrated circuits (ICs) and used in various 

electronic and photonic devices, is proposed and optimally 

designed by technology computer-aided design (TCAD) 

simulation. The optimally designed device demonstrates a 20-

GHz cut-off frequency (fT) and 80-GHz maximum oscillation 

frequency (fmax) at a channel length of 90 nm, which ensures 

the potential for use in the low-power high-speed 

heterogeneous ICs having wide applicability. 
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Fig. 1. Heterogeneous integration on the Si substrate. (a) Si/III-V hybrid 

CMOS: Si NMOSFET and Ge HHMT (p-type counterpart). (b) III-V CMOS 

on Si: n-type Ge vertical TFET and Ge HHMT. (c) Monolithic integration of 
CMOS and photonic circuits: logic part with Ge HHMT, and AlGaAs 

junctionless FET/optical part with 1,550-nm Ge LED, and related 

components. 

 

 
II. SIMULATION APPROACH 

 

A. Monolithic integrated circuits with Ge devices 

Various possible approaches for heterogeneous integration 
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of Si and non-Si materials can be schemed, as shown in Fig. 

1(a) through 1(c). The Ge HHMT can be embedded as a p-

type transistor to create a CMOS logic block in all the cases 

shown in the figures. Fig. 1(a) shows a Si-Ge hybrid CMOS 

circuit with a Si n-type MOS field-effect transistor 

(NMOSFET), with the Ge HHMT as the p-type counterpart 

[3–5]. The Ge HHMT can be co-integrated with a Ge-source 

tunneling field-effect transistor (TFET) to build a Si/Ge/III-V 

CMOS circuits, as shown in Fig. 1(b) [6–7]. The very-large-

scale integration (VLSI) technology pursues evolutions both 

inside and outside the transistor. For the former, ways of more 

ideal switching characteristics featuring low-power and high-

speed operation capabilities are sought, and for the latter, 

optical interconnect replacing the conventional metallic 

interconnect is widely studied [8–12]. The goal is to find a 

breakthrough for the extended use of Si CMOS in the high-

density high-speed three-dimensional (3-D) VLSI systems. 

The optical interconnect consists of optical components 

including optical source, photodetector, modulator, and 

resonator, as well as the optical waveguide, that process 

electrical and optical signals. Therefore, intense research has 

been made to study various techniques for merging Si and 

non-Si with direct energy bandgap by novel material, device 

structure, and processing developments [13–17]. In order to 

satisfy the technical requirements, the optical components 

need to be brought together with Si. Fig. 1(c) shows one of 

the realizable ICs where a non-Si CMOS part is constructed 

by combination of Ge HHMT and Ge-buffered AlGaAs 

junctionless transistor, with the optical part composed of a 

light-emitting diode (LED) [6, 18–19]. As demonstrated in 

Fig. 1(a) through 1(c), the Ge HHMT can be very useful in 

building various heterogeneous ICS as the p-type electron 

device, with the advantages of process simplicity and 

compatibility with both Si and III-V semiconductor. 

 

B. Design variables 

Figure 2 shows the schematic of the simulated Ge HHMT 

with the design variables. In a previous study, DC 

characteristics were optimized in terms of primary variables 

including channel length, Ge channel thickness, and Al 

fraction in the AlGaAs barrier [6]. It is confirmed in this work 

that AC characteristics can be further optimized by 

controlling barrier dimension. The Ge HHMT with AlGaAs 

barrier in Fig. 2 has the structure of metal-semiconductor 

field-effect transistor (MESFET) where the barrier plays a 

role of isolating channel and gate as the gate oxide in the 

MOSFETs and its engineering is one of the crucial factors in 

determining the high-frequency performances of the device 

[20]. The design variables include the doping concentration 

of the AlGaAs barrier (NB), the thickness of barrier (TB), and 

the thickness of the partially high-doped region (THB) in a 

fixed TB. The thickness of intrinsic Ge channel is fixed to 10 

nm, and the two-dimensional hole gas (2DHG) is formed 

along the interface between the AlGaAs barrier and the Ge 

channel. In the simulation works, the Al fraction was kept to 

be 0.3 since there is a previous literature where Ge LED 

operated by Γ-Γ transport between direct-bandgap AlGaAs 

and indirect-bandgap confining the electrons near k = 0 in the 

momentum space is reported [19]. In order to obtain higher 

accuracy in the simulation results, complementary including 

the field-dependent mobility model, concentration-dependent 

mobility model, Shockley-Read-Hall recombination model, 

and quantum-effect models were activated simultaneously. 

The doping concentrations of source/drain (S/D) junctions 

 
 

Fig. 2. Schematic of the Ge HHMT with AlGaAs barrier and the design 

variables. 

 

 
 

Fig. 3. Transfer characteristic curves at VDS = -1.0 V. 

 

and the Si substrate are p-type 1 × 1019 cm-3 and p-type 1 × 

1015 cm-3, respectively. The modeled electron affinity (χ) of 

Al0.3Ga0.7As as a function of the Al fraction is 3.74 eV [21], 

and that of Ge is 4.0 eV, which determines the conduction and 

valance band offsets in the Ge/ Al0.3Ga0.7As heterojunction. 

Fig. 3 shows the drain current (ID) vs. gate-to-source voltage 

(VGS) transfer curve at the high drain voltage (VDS) of -1.0 V. 

It is revealed from the curve that the designed Ge HHMT is 

operated in the depletion mode so that a positive VGS is 

required to cut off the channel. The on- and off-state currents 

(Ion, Ioff) are obtained at VGS = 0 V and 1.0 V, respectively. 

This confirms that the full on/off voltage swing can be 

confined to a magnitude within 1 V for low-power operation. 

In the following simulation results, subthreshold swing (S) 

is defined as the reciprocal of the maximum instantaneous 

subthreshold slope (SS), as shown in Fig. 3. As mentioned in 

the previous part, TB and THB are controlled as design 

variables. Although AlGaAs barrier can be prepared by an 

epitaxial growth technique during the device fabrication, an 

intrinsic AlGaAs region can be intentionally grown between 

the Ge channel and the high-doped AlGaAs barrier to keep 

the channel from being doped by thermal diffusion during the 

epitaxial growth of high-doped upper AlGaAs layer. 
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Therefore, the effects of THB, or equivalently, the effects of 

intrinsic AlGaAs layer thickness, on DC and high-frequency 

device performances are studied to determine more realistic 

design conditions. 

 

 

Fig. 4. Transfer curves of Ge HHMTs with different NB’s at VDS = -1.0 V and 

TB = 30 nm. 

 

 
III. SIMULATION RESULTS AND DISCUSSION 

 

A. Effects of barrier doping concentration 

Figure 4 shows the ID–VGS transfer curves of Ge HHMT 

devices with different NB values at VDS = -1.0 V and TB = 30 

nm, without an intentional intrinsic AlGaAs region. NB is 

varied from 1 × 1017 cm-3 to 1 × 1018 cm-3, with a step of 1 × 

1017 cm-3. Controlling NB has the effect of shifting the 

threshold voltage (Vth) in the positive direction so that the 

device can be turned on more easily. This result can be 

understood by examining the graphical analysis results in Fig. 

5(a) through 5(d), where the spatial energy-band diagrams of 

the Ge HHMTs at standby and drive modes have been 

obtained through device simulation. Here, the electron 

potential energy surfaces along the maximum valence bands 

are selectively shown in order to observe the behaviors of 

mobile holes confined in the Ge channel without being 

screened by the upper bands for better visibility. Figure 5(a) 

and (b) show the energy-band diagrams of Ge HHMT devices 

with a low barrier doping concentration of NB = 1 × 1017 cm-

3 in the standby and drive modes, respectively. Each mode 

corresponds to bias conditions of (VGS, VDS) = (1.0 V, -1.0 V) 

and (0 V, -1.0 V), respectively. Fig. 5(c) and (d) depict the 

energy-band diagrams of Ge HHMT devices with a high 

barrier doping concentration of NB = 1 × 1018 cm-3 in the 

standby and drive modes, respectively. The actual electron 

potential energies can be read by the identically scaled color 

bar on the right side. The length and thickness of Ge channel 

are 90 nm and 10 nm, respectively, for all the devices, as 

indicated on the bottom grids. VGS modulates the barrier 

height seen by the source holes toward the channel, regardless 

of NB, as can be seen by the changes between Fig. 5(a) and 

(b) and between Fig. 5(c) and (d). Higher p-type doping 

elevates the energy band of the AlGaAs barrier since its Fermi 

level is positioned lower and it should be aligned with that of  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 5. Electron potential energy surfaces along the valence band maximum 

under different NB and operation conditions. (a) NB = 1 × 1017 cm-3, standby. 
(b) 1 × 1017 cm-3, drive. (c) 1 × 1018 cm-3, standby. (d) 1 × 1018 cm-3, drive. 
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gate metal at the interface. This interpretation is supported by 

comparison between Fig. 5(a) and (c) and between Fig. 5(b) 

and (d). The above results are projected to positive shift of Vth 

and relatively small change in Ion. 

Figure 6 shows the cut-off frequency (fT) and maximum 

oscillation frequency (fmax) as a function of NB when there is 

no intrinsic region in the AlGaAs barrier (TB = THB = 30 nm). 

 

 
 
Fig. 6. Cut-off frequency (fT) and maximum oscillation frequency (fmax) as a 

function of NB. TB = THB = 30 nm (no intrinsic region in the barrier).  

 

Both fT and fmax demonstrate monotonic increases with NB, as 

shown in Fig. 6. fT is 22.2 GHz and reduces down to 14.6 

GHz, with a reduction magnitude below 10 GHz for decade 

reduction of NB. fmax reaches 87.5 GHz at high NB and shows 

relatively larger dependence on NB. NB affects total gate 

capacitance (Cgg,t) which is closely related with fT and fmax, as 

can be revealed by Eq. (1)–(3) which originate from equations 

for MESFETS [20]: 
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In Eq. (1), Cgg,t consists of intrinsic gate capacitance (Cgg), 

parasitic gate-to-drain capacitance (Cgd,p), and parasitic gate-

to-source capacitance (Cgs,p). Here, subscript p indicates 

parasitic component. Cgd,p and Cgs,p mainly composed of outer 

fringing capacitances are much smaller than Cgg and are 

invariant with NB, so that 
gg,t ggC C  holds. 
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Transconductance (gm) is expressed as a function of gate 

overdrive as shown in Eq. (4), with a correction coefficient α. 

μp is the hole mobility and Cox’ is the per-area gate oxide 

capacitance in the equivalent form of that in the MOSFETs, 

with one difference: the oxide is replaced by semiconductor 

material. Thus, the per-area gate oxide capacitance is 

expressed as Cox’ = εs/tb, where εs and tb are the permittivity 

and thickness of the AlGaAs barrier, respectively. Cgg can be 

also further refined by making use of the correction factor α 

as shown in Eq. (5). 

fT is expressed as a function of VGS as shown in Eq. (6) by 

plugging Eq. (4) and (5) into Eq. (2) with an approximation 

of 0   because fT and fmax were extracted at the on-state 

(VGS, VDS) = (0 V, -1.0 V) and Vth = 1 V. 
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fT in Eq. (6) is further reduced as a simple function of only 

|Vth| since VGS = 0 at the drive mode. As |Vth| gets larger, a 

higher fT is obtained. Considering the above formula and the 

DC simulation results in Fig. 4, it is evident that higher NB 

improves fT. In Eq. (3), RG and Cgd,t are, respectively, the gate 

resistance and the total gate-to-drain capacitance as the sum 

of intrinsic (Cgd) and parasitic (Cgd,p) capacitances. Cgd,t is 

mainly composed of Cgd which decreases with NB due to the 

increased screening effect of the higher-doped AlGaAs 

barrier between the gate and drain junctions. In addition, 

higher doping in the AlGaAs barrier results in faster transfer 

of VGS into the channel. Thus, a smaller RGCgd,t product is 

obtained, which results in a higher fmax as NB increases. 

 

B. Effects of barrier thickness and modulation doping 

Another design variable is TB, the thickness of the AlGaAs 

barrier. Fig. 7(a) shows the ID-VGS curves from devices with 

different values of TB. As the AlGaAs barrier gets thicker, 

both current drivability and subthreshold swing 

characteristics are degraded. As the result, it becomes more 

difficult to turn off the device at a small magnitude of positive 

VGS and low-power operation capability is significantly 

threatened. Fig. 7(a) indicates that TB needs to be no larger 

than 30 nm in order to keep the magnitude of high VGS below 

1 V for a sufficiently low leakage current and low-power 

operation of the normally-on Ge HHMT. Fig. 7(b) shows the 

gate leakage current (IG) at different values of TB. Unlike that 

of MOSFET structures, IG is determined by the energy barrier 

seen by conduction holes in the Ge channel toward the 

AlGaAs barrier. IG increases as TB increases, as shown in the 

figure. If the permissible IG is limited to 1 pA/μm, TB should 

be kept below 30 nm. Since the AlGaAs barrier acts as an 

insulator between the gate electrode and the Ge channel in 

DC operations of the designed Ge HHMT, a thinner barrier 

provides higher gate controllability over the channel. As a 

result, a smaller TB improves the DC characteristics of the Ge 

HHMT, including higher current drivability, smaller 

subthreshold swing, and lower gate leakage. This is 

confirmed by Fig. 7(a) and (b). In this sense, TB would be also 

a critical variable for improving DC performances. Although 

a smaller TB is desirable for better DC performances, TB 

below 15 nm might not be practical since the effect of an 
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ultra-thin barrier in suppressing IG is saturated, as can be 

confirmed by Fig. 7(b). Instead, it may be considerably 

challenging to obtain the thickness using conventional 

epitaxy tools with high enough repeatability and throughput.  

Fig. 8 depicts fT and fmax of Ge HHMT as functions of TB. 

Both fT and fmax increase as TB increases and they are 

eventually saturated above a certain thickness. This implies 

that TB should have a lower limit and it appears to be 30 nm 

 

 
(a) 

 
(b) 

 

Fig. 7. Optimization of DC characteristics. (a) Transfer curves and (b) gate 

leakage of Ge HHMTs with different TB’s. NB = 1018 cm-3 and VDS = -1.0 V. 

 

 
 

Fig. 8. fT and fmax as a function of TB. NB = 5 × 1017 cm-3 and VDS = -1.0 V. 

The curve with black circle and left-headed arrow depicts fT and that with 

blue circle and right-headed arrow indicates fmax. 

 

under the given condition of NB = 5 × 1017 cm-3 at VDS = -1.0. 

Above this thickness, the characteristic frequencies become 

rather invariant with TB. This result would provide an 

optimized TB in conjunction with the results in Fig. 7(a) and 

(b). For a sharp logic switching by a small magnitude of VGS 

sweep between the off-state and on-state, TB should be kept 

near 30 nm below 40 nm for effective suppression of IG below 

1 pA/μm. Therefore, TB should be designed with a thickness 

near 30 nm to achieve both reliable DC and high-frequency 

device performances. 

 

 
 

Fig. 9. Transfer curves. NB = 5 × 1017 cm-3 and TB = 30 nm at VDS = -1.0 V. 

 

 
 

Fig. 10. fT and fmax as a function of THB. NB = 5 × 1017 cm-3 and VDS = -1.0 V. 

The curve with black circle and left-headed arrow depicts fT and that with 
blue circle and right-headed arrow indicates fmax. 

 

The AlGaAs barrier can be vertically segmented to have 

regions with high and low doping concentrations, which 

prevents unwanted diffusion of dopants from the barrier to the 

intrinsic channel region. As previously shown in Fig. 2, the 

thickness of the high-doping region (THB) takes a portion out 

of TB and is varied from 5 nm to 30 nm while keeping TB = 

30 nm in order to investigate dependence of device 

performances on THB. Fig. 9 shows the ID–VGS curves at 

different values of THB. Although there is no significant 

change in the transfer characteristics, it is observed that the 

transfer curve moves toward the left side and Ion (ID at VGS = 

0 V and VDS = -1.0 V) is degraded as THB decreases. 

Therefore, for higher Ion, a sufficiently thick THB needs to be 

designed. Higher current drivability is closely related to fT 

and fmax, as can be seen in Eq. (2) and (3). Fig. 10 depicts fT 

and fmax as a function of THB. fT increases from 13.1 GHz to 
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19.7 GHz, and fmax shows a monotonic increase from 64.7 

GHz to 80.6 GHz as THB increases from 5 nm to 30 nm. The 

effects of THB on the transfer characteristics and high-

frequency parameters of Ge HHMT are relatively small 

compare with those of NB as can be confirmed by Fig. 4 and 

7 and those of TB demonstrated in Fig. 7(a) and 8, and less 

critical in device design. The weak dependencies of DC and 

high-frequency device performances on THB ensure that a 

large process margin in constructing the high-doped AlGaAs 

barrier region can be obtained only if the intrinsic channel is 

not significantly intruded by unwanted dopant diffusion. 

 

 
IV. CONCLUSION 

 

In this study, we proposed a Ge HHMT and closely 

investigated the effects of AlGaAs barrier doping 

concentration, uniformly doped barrier thickness, and high- 

and low-doping barrier thicknesses on DC and high-

frequency device performances for optimal design. By 

rigorous and systematic TCAD simulation, Ion near 10-4 

A/μm, Ioff below 10 pA/μm, fT of 19.7 GHz, and fmax of 80.6 

GHz have been obtained. The proposed Si/Ge/III-V device 

has the strong potential for use in the heterogeneous 

integrated circuits for the advanced VLSI technology on Si 

platform realizing the single-chip electronics and photonics. 
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