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Abstract  —  The DARPA Diverse Accessible 
Heterogeneous Integration (DAHI) program is developing 
transistor-scale heterogeneous integration processes to 
intimately combine advanced compound semiconductor 
(CS) devices, as well as other emerging materials and 
devices, with high-density silicon CMOS technology.  This 
technology is currently enabling RF/mixed signal circuits 
with revolutionary performance. For example, InP HBT + 
CMOS technology is being utilized in advanced DACs and 
ADCs with CMOS-enabled calibration and self-healing 
techniques for correcting static and dynamic errors in situ. 
Such CMOS-enabled self-healing techniques are expected 
to more generally enable improved CS-based circuit 
performance and yield in the presence of process and 
environmental variability, as well as aging.  DAHI is also 
expected to enable the integration of high power CS 
devices with silicon-based linearization techniques to 
realize highly power efficient transmitters.  By enabling 
this heterogeneous integration capability, DAHI seeks to 
establish a new paradigm for microsystems designers to 
utilize a diverse array of materials and device technologies 
on a common silicon-based platform.
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The compound semiconductor (CS) electronics 

industry has a long history of driving advancements in 

RF/mixed signal systems. A number of major RF/mixed 

signal achievements, including large-scale phased arrays 

[1], satellite communications [1], commercial mobile 

telephones [2], and solid-state RF power electronics [3] 

have been made possible using CS materials such as 

GaAs, InP, and GaN. The success of CS materials in 

these systems is due in large part to the many superior 

properties of these materials relative to silicon. For 

example, high electron mobility and peak velocity of 

InP-based material systems have resulted in transistors 

with fmax above 1THz [1][4] as well as ultra-high-speed 

mixed-signal circuits (see, for example, [5]). The wide 

energy bandgap of GaN has enabled large voltage 

swings as well as high breakdown voltage RF power 

devices [6]. Excellent thermal conductivity of SiC also 

makes tens of kilowatt-level power switches possible 

[7]. Additionally, on-chip high-Q micro-

electromechanical resonators and switches in various 
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materials, such as AlN, have been demonstrated that 

potentially can be used for clock references and 

frequency selective filters [8]. 

However, despite the advantages of CS materials, Si 

CMOS-based technologies have increasingly been 

employed in high-performance RF/mixed signal 

systems. These technologies have leveraged the 

enormous investments in digital CMOS device scaling 

and process development to achieve tremendous levels 

of complexity and integration, while also demonstrating 

far higher levels of yield and manufacturability than any 

CS technology. Additionally, scaling has driven device 

speeds of RF CMOS [9] and SiGe HBTs [10] into the 

multi-100 GHz regime, albeit at the expense of 

breakdown voltage. The integration density of Si-based 

technologies has enabled novel on-chip digital 

correction and linearization techniques (for example, 

[11]), producing excellent RF and mixed-signal circuit 

performance despite the limitations of silicon’s material 

properties. 

Such correction techniques have the potential to 

produce dramatic RF and mixed-signal performance 

improvements in CS electronics as well; however, CS 

technologies lack the integration density and yield to 

implement these circuit concepts. Given these trends, it 

is our view that the future of high-performance RF and 

mixed-signal electronics lies in the integration of 

compound semiconductors with silicon technology in a 

way that will allow the advantages of the two technology 

types to be optimally combined. 

As an example of the potential benefits of 

heterogeneous integration, consider the plot of Johnson 

figure of merit (product of transistor cutoff frequency 

and breakdown voltage) [12] versus integrated circuit 

complexity (as measured by transistor count) for several 

semiconductor material and device types, as shown in 

Figure 1.  Si CMOS is by far the superior technology in 

terms of integration complexity, exceeding the most 

advanced CS material (InP) by over five orders of 

magnitude.  However, its Johnson figure of merit is 

exceeded by several CS device types by an order of 

magnitude.  Nitride-based semiconductor devices 

(represented by GaN in Figure 1) possess the highest 

Johnson figure of merit of currently utilized 

semiconductor materials; however, nitrides have only 
17
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small-scale integration complexity to date.  CS materials 

such as GaN and InP would benefit greatly from 

leveraging novel silicon-enabled circuit or system 

architectures to enhance the performance of advanced 

CS-based RF/mixed signal circuits. 
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Figure 1.  Plot of Johnson Figure of Merit (product of 

transistor cutoff frequency and breakdown voltage) vs. 

Integration Complexity (number of transistors per circuit) 

classified by a variety of material and device technologies.  

 Figure 2 and Table 1 illustrates the potential impact 

of heterogeneous integration in RF/mixed signal 

systems, using a representative transceiver as an 

example. Essentially all major components in a typical 

transceiver can potentially benefit from the reduced 

parasitics of heterogeneous integration, utilizing the 

benefits of high-performance CS materials with the 

control and calibration capabilities of Si CMOS. 

 

 
 

 

Figure 2. Diagram of a representative transceiver illustrating 

the preferred set of device technologies for optimal 

performance of each transceiver component. 

Table 1 – Representative transceiver components and their 

heterogeneous device selections for optimal performance 

Component Heterogeneous Device Selection 
Low-noise 

amplifier 

InP HBTs for low noise; GaN for survivability; Si 

CMOS for control and reconfigurability 

Pre-select 

filter 

RF MEMS for high-Q filtering; Si CMOS for 

control 

Tunable filter InP HBTs for op-amps with high gain-bandwidth 

product; Si CMOS for programmability 

Mixer GaN HEMT for Gilbert cell high-voltage swing; 

RF MEMS for high-Q; Si CMOS for control 

ADC InP HBTs for high-speed track-and-hold; Si 

CMOS for ADC interleaving 

Local 

oscillator 

InP HBTs; High-Q MEMS; Si CMOS 

DAC InP HBTs for high-speed current switching and 

deglitching; Si CMOS for static and dynamic error 

correction 

Power 

amplifier 

GaN for high power density, speed, and thermal 

performance; Si CMOS for control and 

linearization  

 

Heterogeneous integration of compound 

semiconductors with silicon has been explored in past 

decades [13], but its main practical implementation 

today is through the use of multi-chip modules or similar 

assembly techniques. Multi-chip module techniques 

have been prevalent in various microwave/millimeter-

wave RF systems, but performance for high-

speed/bandwidth mixed-signal systems has been limited 

by I/O parasitic effects between chips in such modules 

and by device and interconnect variability issues.  Many 

of the limitations (including I/O parasitics and phase 

mismatch) of multi-chip module approaches to 

heterogeneous integration are governed by the length of 

separation between CS and Si CMOS devices, and as 

such, the reduction of this separation is expected to yield 

dramatic improvements in performance of 

heterogeneous integrated circuits. 

 To that end, the U.S. Defense Advanced Research 

Projects Agency (DARPA) Diverse Accessible 

Heterogeneous Integration (DAHI) program is 

developing transistor-scale heterogeneous integration 

processes to intimately combine advanced compound 

semiconductor (CS) devices, as well as other emerging 

materials and devices, with high-density silicon CMOS 

technology.  The ultimate goal of DAHI is to establish a 

manufacturable, accessible foundry technology for the 

monolithic heterogeneous co-integration of diverse (e.g., 

electronic, photonic, MEMS) devices, and complex 

silicon-enabled architectures, on a common substrate 

platform for defense and commercial users.  The DAHI 

transistor-level heterogeneous integration approach must 

overcome a number of difficult technical challenges 

associated with integration process technology (accurate 

device-level placement, robust heterogeneous interfaces, 

dense heterogeneous interconnects,  thermal 

management), manufacturing  (transfer of integration 
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technology to state-of-the-art foundries, heterogeneous 

process yield enhancement, process design kit 

development, compatibility with computer-aided design 

tools), and design innovation (innovative circuit design 

methodologies and architectures for heterogeneous 

circuits). If this vision can be achieved with high yield 

and at reasonable cost, this revolutionary technology 

will allow circuits in which the optimum device is 

chosen for each specific function within integrated 

microsystems encompassing RF/mixed signal, 

photonics, and MEMS technology. This capability will 

not only have significant impacts on the performance of 

both military and commercial microsystems, but it also 

represents a new paradigm for the CS electronics 

community. 

II. PROGRAM OVERVIEW 

 The DAHI program is composed of several thrusts 

which are developing the integration technologies, 

design innovations, and manufacturing technologies and 

expertise which will be required to realize the DAHI 

vision. One element of DAHI, the Compound 

Semiconductor Materials on Silicon (COSMOS) thrust, 

has demonstrated three different approaches (shown in 

Figure 3) to achieving InP BiCMOS integrated circuit 

technology featuring InP HBTs and deep submicron Si 

CMOS [14][15][16] for RF and mixed signal circuits.  

Figure 3.  Heterogeneous integration processes being pursued 

in the DAHI/COSMOS thrust, (a) micrometer scale assembly, 

(b) epitaxial layer printing, and (c) monolithic epitaxial 

growth using a multi-layered lattice-engineered substrate. 

 DAHI/COSMOS performers have demonstrated 

complex heterogeneously integrated mixed-signal circuit 

designs, including digital-to-analog converters (DACs) 

with unprecedented SFDR performance in the GHz 

output frequency regime [17].  These DACs are utilizing 

a number of advanced calibration and self-healing 

techniques that are enabled by the heterogeneous 

integration of deep submicron Si CMOS with high-

speed InP HBTs.  Due to the required circuit 

complexity, these techniques would not be possible in a 

DAC implemented in a purely InP-based technology.  

However, the InP HBTs provide higher speed, higher 

breakdown voltage, and intrinsically better transistor 

matching than could be accomplished with a purely 

CMOS-based DAC.  DAHI/COSMOS is presently 

developing advanced ADC designs with revolutionary 

performance in the InP BiCMOS technology. DAHI 

performers have also demonstrated the world’s first 

GaN + CMOS RF amplifier using monolithic 

heterogeneous integration of GaN HEMTs with Si 

pMOS gate bias control [18]. 

 DAHI has also initiated an InP BiCMOS multi-

project wafer (MPW) activity based on the HRL 

Laboratories DAHI/COSMOS technology using 90nm 

CMOS and 0.25µm InP HBTs. In this effort, InP 

BiCMOS technology is being utilized by a number of 

external expert circuit design teams.   

 Recent measurements of fabricated COSMOS MPW 

designs have illustrated the potential for high-

performance heterogeneously integrated mixed signal 

circuits. A team at the University of California, San 

Diego recently demonstrated a 30GSPS track-and-hold 

amplifier on the InP BiCMOS platform [19]. 

Differential output spectra with 1GHz and 31GHz 

inputs are shown in Figure 4. This InP track-and-hold 

amplifier on InP BiCMOS platform represents a key 

building block for interleaved ADCs, enabling complex 

interleaving using advanced Si CMOS for high-

bandwidth, high-resolution performance. 

 

 

Figure 4. Differential output spectra for InP BiCMOS T/H 

amplifier (from [19], used with permission) 

 An additional circuit design recently fabricated 

through the DAHI/COSMOS MPW effort is a four-stage 

W-band low-noise amplifier (LNA), designed by a team 

from the Air Force Research Laboratory [20].  

Measured results indicate a noise figure as low as 5.7dB 

at 92GHz (NF < 7.2dB across 75-100GHz band), peak 

gain fo 27.7dB (gain > 20dB across 75-100GHz band), 

and power dissipation of 19.2mW across 75-100GHz 

band. Plots of gain and noise figure versus frequency are 

shown in Figure 5. This device demonstrated superior 

noise figure, gain-bandwidth product, and power 

dissipation compared to SiGe BiCMOS W-band LNAs.  
17
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Figure 5. Plot of gain and noise figure versus frequency for 

InP BiCMOS W-band LNA (from [20], used with 

permission). 

 Recently, a new DAHI Foundry Technology thrust 

was initiated [21] to advance the diversity of 

heterogeneous device and materials available in a 

silicon-based platform and make this technology 

available to the greater DoD and commercial 

microsystems design community through the 

establishment of an accessible, manufacturable foundry 

offering for device-level heterogeneous integration.  

This foundry will seek to include a wider array of 

materials and devices (including, GaN and MEMS 

technologies) with complex silicon-enabled (e.g. 

CMOS) architectures and thermal management 

structures on a common silicon substrate platform.  The 

goal of the DAHI Foundry Technology thrust is to 

develop a mature, reliable heterogeneous integration 

technology in a cost-effective foundry.  
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