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 Executive summary 
Developments in quantum information science and technology (QIST) have the potential to 
dramatically affect multiple industries and radically shift the defense and intelligence capabilities of 
nations. Government, academic, and commercial entities are investing significant resources into 
QIST research and development (R&D), and rapid progress is being made in fields of quantum 
computing, sensing, and telecommunications. Realizing the full potential of QIST R&D will require 
the development of novel materials, devices, structures, and systems that can be manufactured at 
scale. As an emerging quantum industry takes shape, companies are developing internal roadmaps 
for specific quantum technologies, such as plans that anticipate slow but steady growth in the 
number of qubits available in the largest quantum computers. However, no industry-wide roadmap 
exists yet for quantum technology manufacturing. 

To fill this gap, SRI International (SRI) and its team of industry, national laboratory, and academic 
partners has created a roadmap to support the development of technology critical to the scale-up of 
the quantum industry as a whole, including quantum computing, quantum sensing, and quantum 
telecommunications. This first-of-its-kind effort resulted in an initial quantum technology 
manufacturing roadmap (QTMR). The QTMR does not focus on scientific discovery. Rather, it 
focuses on a wide range of technologies and capabilities critical to QIST R&D and manufacturing, 
setting specific targets for technical performance for 2024 and 2028. 

Creating the QTMR began with identifying the short-term (2024) and longer-term (2028) technology 
needs of quantum system developers. Quantum system developers included developers of quantum 
computing systems, quantum sensing systems, and quantum networking systems. A total of 43 
broad needs were identified across six categories of quantum-relevant technologies: 

• Materials and fabrication 
• Electronics 
• Lasers and optics 
• Cryogenic and vacuum systems 
• Control systems 
• Testbeds 

These 43 broad needs represent the prioritized list of most urgent needs from a longer list of needs 
identified by project participants. Within each of these 43 categories, system developers identified 
more detailed and specific technology and capability needs. There were between two and twelve 
needs identified by developers per technology category. Wherever possible, one or more technical 
performance targets were set for each need for 2024 and 2028, including such parameters as 
power, wavelength, and operating temperature. 

Once the detailed needs were identified and described, technology providers reviewed each, 
providing extensive commentary on the prospect for meeting these needs over the 2024–2028 time 
horizon and insight into the challenges of meeting these needs. The result was a set of 43 individual 
technology roadmaps that together compose the overall QTMR. 

Project discussion on the part of quantum system developers and their technology providers 
highlighted a range of issues affecting quantum technology manufacturing, including needs for basic 
research, the importance of refined manufacturing processes, business challenges, and policy 
issues. It is clear from these discussions that the quantum technology industry is still very nascent. 
There is not one universally used platform or approach, no standard configuration or set of 
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components and materials. This lack of consensus in the industry is in part why 43 distinct needs 
were identified. The industry finds itself situated in a position in which many new industries find 
themselves: Suppliers are reluctant to invest in new technology until their customers—quantum 
system developers—are willing to commit to large sales volumes, but customers are reluctant to 
commit to significant purchases until they see the technology they need from suppliers and until the 
demand for their own products is clearer. A large share of the discussion across many of the 43 
industry needs reflected this dilemma. These challenges typically resolve themselves as tipping 
points are reached, official and de facto standards are created, and dominant approaches emerge 
and refine the marketplace. The same will be true for QIST. 

A challenge that applied to almost every identified need is the presence of tradeoffs. One major 
tradeoff for many identified needs is whether to choose an off-the-shelf component or software or 
pay a premium for a custom-built tool. Customized tools typically allow integrators more flexibility in 
the materials and configurations they employ, but the low purchase volume leads to high prices. This 
was especially true for control electronics, where tailoring them to meet one system integrator’s 
unique needs and application makes them very costly. 

Not surprisingly, many of the needs identified by project participants were not quantum per se, but 
technologies that are nevertheless central to quantum technology development. There were multiple 
non-quantum-technical needs related to software, including less complex software that can be used 
by technicians and open-source software. Additionally, several participants highlighted supply chain 
needs, such as greater domestic supply of components and higher quality materials. 

In the context of roadmapping, QTMR is somewhat unique with respect to the maturity of the 
industry and scope of technologies assessed. A consequence of both these factors, views among 
industry participants regarding what is needed and what is achievable within a specific timeframe are 
more diverse. Accordingly, the roadmap presented herein is preliminary, though in most cases, is 
reflective of a consensus. 

Future refinements should focus on developing roadmaps for individual quantum applications (i.e., 
communications and networking, computing, sensing) across which needs can vary considerably. 
The project team also recommends more extensive interaction between integrators and technology 
suppliers, including the latter in the process as early as possible. Finally, future iterations of the 
QTMR should seek more international involvement. Many countries have unique specializations, and 
including more experts will expand the comprehensiveness and usefulness of the roadmap. 
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 Project background and approach 
The emerging quantum industry 
Research and development (R&D) in quantum information science and technology (QIST) is making 
rapid progress in the fields of computing, sensing, and telecommunications. Realizing the full 
potential of quantum technology will require the development of novel materials, devices, structures, 
and systems that can be manufactured at scale. An emerging quantum industry is taking shape, with 
early products entering the market and companies developing internal roadmaps for more complex 
systems, such as error-corrected quantum computers that may eventually outperform classical 
computers for some real-world applications. 

Several roadmaps have been created to guide specific aspects of QIST development. One of the 
first quantum roadmaps developed was the trailblazing A Quantum Information Science and 
Technology Roadmap, published in 2004 by the Advanced Research and Development Activity (now 
part of Intelligence Advanced Research Projects Activity) (2004). This roadmap was focused on 
quantum cryptography and communications using quantum key distribution architectures, and it set 
specific goals and targets for 2007, 2010, and 2014. More recently, IEEE developed the International 
Roadmap for Devices and Systems focused on cryogenic electronics and quantum information 
processing (2022). Still, it is time for a quantum technology roadmap that sets new future targets and 
takes a broader look at needs across applications. 

Roadmaps initiated by national laboratories and sponsored by the U.S. Department of Energy have 
focused on guiding scientific research, primarily by identifying milestones and scientific 
breakthroughs (Kleese van Dam, 2020). Other roadmaps, such as those developed by the National 
Aeronautics and Space Administration (NASA), have focused on specific applications like space-
based quantum communication (National Aeronautics and Space Administration, 2020). 

In contrast to these discovery-inspired efforts, SRI International (SRI) and its team of industry, 
national laboratory, and academic partners has created a roadmap to support the development of 
technology critical to scale-up of the quantum industry as a whole, including quantum computing, 
quantum sensing, and quantum telecommunications. This effort is the first of its kind that we know of 
and resulted in an initial quantum technology manufacturing roadmap (QTMR). The QTMR does not 
focus on scientific discovery. Rather, it identifies the technology and capability needs critical to QIST 
R&D and manufacturing between 2024 and 2028. 

The roadmap focuses on a wide range of technologies and capabilities, setting specific targets for 
technical performance. It also addresses non-technology enablers that roadmap participants 
identified as essential for ongoing progress in technology development. For example, topics like data 
sharing and the need to develop a reliable domestic supply for specific technologies are included in 
the roadmap.  

Roadmap approach 
Figure 1 describes the overall approach the project team pursued to create the QTMR. The process 
began with identifying the short-term (2024) and longer-term (2028) technology needs of and 
challenges faced by quantum system developers. Quantum system developers included developers 
of quantum computing systems, quantum sensing systems, and quantum networking systems. In 
addition to identifying their short- and long-term technology needs, quantum system developers also 
described the challenges they faced as a result of current technology gaps. 
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These short- and long-term needs and challenges were shared with quantum technology suppliers, 
organized around six categories of quantum-relevant technologies: 

• Materials and fabrication 
• Electronics 
• Lasers and optics 
• Cryogenic and vacuum systems 
• Control systems 
• Testbeds 

Within each of these categories, system developers identified several broad technology and 
capability needs. There were between two and twelve broad needs identified by developers per 
technology category, for a total of 43 broad needs. For each of these 43 need areas, system 
developers described more detailed and specific needs, including technical performance targets for 
both 2024 and 2028. In many cases, several detailed needs per broad need were highlighted with 
multiple associated desired performance benchmarks. 

Technology providers reviewed the detailed needs identified by the system developers and provided 
extensive commentary on the prospect for meeting these needs over the 2024–2028 time horizon.  

 
Figure 1: High-level roadmap approach 

 

Figure 2 summarizes how project data collection was coordinated and how the final roadmap is 
organized. Participants in the development of the QTMR were recruited through outreach to 
Quantum Economic Development Consortium (QED-C) members, targeted outreach to specific 
organizations, and word-of-mouth. See the Acknowledgements section for the list of organizations 
that participated. 

Quantum system developers were divided into four distinct platform groups, or PGs for short, based 
on the physical system underlying their technologies. This PG categorization was chosen over other 
schemes, such as dividing them by application or use, due to the expectation that this categorization 
would better reflect the structure and operation of supply chains. For example, ion trap-based 
quantum computers and neutral atom-based sensing platforms are more likely to share supply chain 
needs than are ion-trap-based quantum computers and superconducting qubit-based quantum 
computers. 
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Input on technology needs and challenges were collected for each PG separately. Each PG met four 
times to identify needs in the six technology areas, determine priorities, and develop quantifiable 
metrics for each need, to the extent possible. The process of soliciting quantum system developer 
needs generated an enormous amount of information on technology and capability needs. In Figure 
2, the circles represent how needs identified for a particular PG were categorized by technology. 
Shaded portions of the circle are not intended to sum to 1 but instead are intended to serve as a 
point of comparison. For example, most needs identified by the superconducting systems PG were 
for controls, with smaller numbers of needs identified for materials, lasers and optics, and cryogenic 
and vacuum systems. The superconducting systems PG identified no needs for electronics and 
testbeds technologies. This information was consolidated across all PGs and then categorized into a 
set of common needs for each technology area. 

Following the collection of data from the PGs, technology working groups (TWGs) were formed for 
each of the six technology areas. The final consolidated and categorized set of 43 detailed needs 
identified by the PGs were shared with individual TWGs, which comprised quantum suppliers and 
manufacturers. Each TWG met one to four times, depending on the number of needs in that 
technology area, to review the needs and provide insight into manufacturers’ current plans to meet 
the needs and barriers to achievement. 

The view of the short- and long-term needs, as described by PGs, together with the commentary of 
the TWGs, define the individual roadmaps for each of the 43 technologies and capabilities. The 
overall Quantum Technology Manufacturing Roadmap comprises these individual technology and 
capability roadmaps. The overall roadmap also highlights a set of themes that are common to many 
of the diverse sets of technologies and capabilities covered. These themes address the challenges 
associated with the emerging quantum technology supply chain and identify hurdles that will need to 
be overcome by suppliers and system developers alike. This report presents the 43 detailed 
technology and capability roadmaps and also presents the common challenges to developing a 
stronger quantum manufacturing technology ecosystem. 

 
Figure 2: Overall framework for the Quantum Technology Manufacturing Roadmap 
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Limitations of the current work 
The QTMR reflects the maturity of the industry and scope of technologies assessed. Many 
frequently roadmapped industries, such as semiconductors or telecommunications equipment, have 
market leaders that have been in place for long periods of time and technical paradigms have largely 
been determined. On the contrary, the quantum industry is an emerging one with considerable 
uncertainty present regarding what technical breakthroughs will be made, what approaches will 
prove the most effective, and what products will achieve widespread market acceptance. A 
consequence of this lower maturity level is that views among industry participants regarding what is 
needed and what is achievable within a specific timeframe are more diverse. 

In addition to being less mature, the quantum industry is diverse, representing a remarkably broad 
range of applications, technical approaches, and underlying technologies. The quantum industry 
includes quantum computing, quantum sensing and metrology, and quantum telecommunications, 
and these individual domains, themselves, are diverse. For example, approaches being pursued to 
develop quantum computing include superconducting quantum computers, photonic quantum 
computers, neutral atom quantum computers, and trapped ion quantum computers, among others. 

Given the modest level of maturity and significant technical diversity associated with the quantum 
industry, the roadmap presented herein is preliminary. It reviews 43 technologies and capabilities 
central to QIST development. Limitations of the approach notwithstanding, for most of these 43 
technologies and capabilities, the roadmap provides consensus participant views of technical 
performance targets for the near-term and long-term. Participants reflected a representative cross-
section of the industry, though it is possible that the consensus among project participants may not 
fully reflect all industry participants. 

The process of creating this preliminary roadmap highlighted new and refined analysis paths that, 
though beyond the scope of this project, represent key areas for future work and creation of an 
updated roadmap. These are identified in the Future work section of this report. 
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 Common themes and takeaways 
When assessing the needs that arose across platform groups and technology areas, there were 
some common themes. Overall, the biggest takeaway was that the quantum technology industry is 
still very nascent. There is not one universally used platform or approach, no standard configuration 
or set of components and materials. This lack of consensus in the industry is in part why 43 different 
needs were identified, often with different specifications depending on the exact application or the 
materials used. For example, when participants were pushed to provide the linewidth needed for a 
laser, the number varied depending on if it was for a specific isotope, for use in an optical clock, or 
for Rydberg sensing. 

Another commonality across platforms was non-quantum-technical and qualitative needs. For 
example, participants in the Superconducting Systems PG identified a need for greater knowledge 
sharing of configurations and specifications for both fabrication tools and cryogenic systems. There 
were multiple non-quantum-technical needs related to software, including less complex software that 
can be used by technicians and open-source software. Additionally, several participants highlighted 
supply chain needs, such as greater domestic supply of components and higher quality materials. 

A challenge that applied to almost every identified need is the presence of tradeoffs. Integrators 
often pushed for dueling aspects, such as increases in both reliability and efficiency or 
improvements to size, weight, and power (SWaP) and lower costs. Of course, improvements in all of 
these areas would be highly beneficial for the industry; however, tradeoffs are a fundamental part of 
research, development, and engineering (RD&E) and many manufacturers were quick to point this 
out. Consequently, there is a need for integrators to prioritize which aspects are the most important 
for industry progress. 

One major tradeoff for many identified needs is whether to choose an off-the-shelf component or 
software or pay a premium for a custom-built tool. Customized tools typically allow integrators more 
flexibility in the materials and configurations they employ, but the low purchase volume leads to high 
prices. This was especially true for control electronics, where tailoring them to meet one system 
integrator’s unique needs and application makes them very costly. Small production volumes and 
low market demand was a near universal barrier to achieving the identified needs. This emphasized 
the need for consolidation in the industry around set approaches and configurations and consensus 
around standards to enable higher production volumes and bring down costs. 



 

 

© 2023 SRI International. All Rights Reserved.  

8 

 Quantum technology manufacturing roadmaps 
The technology and capability landscape 
Figure 3 lists the number of needs identified in each technology category. Figure 4 through Figure 9 
list the specific technology and capability needs identified by technology category. Most of the needs 
identified in these six tables are technology-related and have associated with them specific technical 
performance measures. Some of the needs, such as a more robust domestic supply of electronic 
components in Figure 5 and greater sharing of dilution fridge/cryostat specification data in Figure 7, 
are not technical in nature per se. Following Figure 4 through Figure 9, the 43 individual one-page 
roadmaps for each technology and capability are presented. The overall Quantum Technology 
Manufacturing Roadmap comprises these individual technology and capability roadmaps. 

Technology Category 
Technologies and 

Capabilities Assessed 
Materials and fabrication 12 
Electronics 5 
Lasers and optics 12 
Cryogenic and vacuum systems 4 
Control systems 8 
Testbeds 2 
Total 43 

Figure 3: Technology and capability needs by technology category 
 

Technology & Capability 
Category Technology & Capability Subcategories 

Improved materials 
1. Material platform requirements for optical switches, 

wave guides, photodetectors, and photon sources 
2. Basic material research 

Improved 
interconnections 

3. Materials for qubit-to-qubit communication and 
interfacing 

4. Heterogeneous integration of components and 
materials 

Component functionality 5. Quantum memory and linear optical quantum 
operations 

Fabrication data, tools, 
and facilities 

6. Fabrication tool capabilities 
7. Defined purity for substrates and chemicals used in 

quantum device manufacturing 
8. Chip fabrication / integrated features / on-chip 

technology for ion and neutral atoms 
9. Access to and quality of materials 
10. Crystal growth tool availability 
11. Improved defect placement 

Packaging 12. Room temperature packaging 
Figure 4: Materials and fabrication (12 technologies and capabilities) 
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Technology & Capability 
Category Technology & Capability Subcategories 
Noise management & 
shielding 

1. Noise management/shielding 
2. Noise management/shielding (AI assisted) 

Control electronics 
3. Scalable analog control electronics 
4. Control electronics purpose-built for multi-qubit 

controls 
Domestic supply of 
components 5. Domestic supply of components 

Figure 5: Electronics (5 technologies and capabilities) 
 

Technology & Capability 
Category Technology & Capability Subcategories 

Optical integration 1. On-chip light generation for visible and UV 
2. Integrated photonics 

High efficiency 
photodetectors 3. High Efficiency Photodetectors 

Optical interconnection 4. Long-distance quantum interconnection 

Components and sources 

5. Non-telecom wavelength components (on-chip and 
qubit systems) 

6. Non-telecom wavelength components (sensing 
focused) 

7. Non-telecom wavelength components (high 
repetition rate devices) 

8. Non-telecom wavelength components 
(communications) 

9. Downscaled and ruggedized lasers for fieldable 
technology 

10. Generation, sources, and integration of single 
photons 

11. Compact, reliable, and fast photonic/optical 
components (isolators, modulators, fiber 
components, nonlinear optics, shutters) at UV to IR 
wavelengths 

12. Compact, reliable, stable, high-power free space 
laser sources with specific wavelengths 

Figure 6: Lasers and optics (12 technologies and capabilities) 
 

Technology & Capability 
Category Technology & Capability Subcategories 

Cryogenic & vacuum 
systems 

1. Cryogenic packaging 
2. Greater knowledge sharing of dilution 

fridge/cryostat specification data 
3. Ultra-high vacuum chambers and pump systems 
4. Improved reliability and SWaP and reduced 

complexity of cryogenic, vacuum, and thermal 
management systems 

Figure 7: Cryogenic and vacuum systems (4 technologies and capabilities) 
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Technology & Capability 
Category Technology & Capability Subcategories 

Improved control systems 
cost and usability 

1. Scalable control systems, including scalable analog 
control electronics 

2. Components that allow integration of spin systems 
into technologies 

3. Technician usable systems 
Fast device testing and 
validation 

4. Cryogenic temperature fast device testing and 
validation 

Tools for systems-level 
modeling and device 
parameters 

5. Tools for system and device modeling 

Low temperature 
operation (in-situ control 
electronics) 

6. Low temperature operation (in-situ control 
electronics) 

Efficient readout of solid-
state spins 

7. Advancements in Quantum Spin Readout and 
Microwave Control 

FPGA feed forward 
hardware 8. FPGA feed forward hardware 

Figure 8: Control systems (8 technologies and capabilities) 
 

Technology & Capability 
Category Technology & Capability Subcategories 

Testbeds 
1. Cloud accessible systems 
2. Characterization hardware for specialized 

components 
Figure 9: Testbeds (2 technologies and capabilities) 

 

Some of the technology needs listed in Figures 4 through 9 overlap with one another. The overlap is 
inevitable with any quantum technology organization scheme and, accordingly, some of the needs 
described in these figures are relevant to more than one technology area. For example, the need for 
low-temperature operation for control systems is relevant for both control systems and cryo systems. 
For simplicity of presentation, each of the 43 detailed needs was placed in only one area—the area 
in which in which it was discussed the most by roadmap participants. 

Technology and capability roadmaps 
Individual quantum manufacturing technology roadmaps are presented in Figures 10 through 52. 
These 43 roadmaps are organized according to the technology categories and subcategories listed 
in Figures 4 through 9. Each of these 43 roadmaps describes the consensus needs of platform 
groups within each technology domain for 2024 and 2028, and the challenges they expect in 
addressing these needs. The header for each year, 2024 and 2028, is shaded to indicate the status 
of each need according to the following scale: 

• Significant gap in expected capabilities: Light blue indicates there are significant gaps to 
addressing a technology need by a given year. 
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• Tech available but requires optimization: Medium blue indicates the technology is expected 
to be available on a limited scale but will need further refinement and optimization for use at 
scale by a given year. 

• Tech expected to be deployed: Dark blue indicates the technology is expected to be 
available at scale by a given year. 

 

These evaluations are based on the views of the technology working group participants (i.e., 
quantum suppliers and manufacturers). The project team sought a consensus of these views, as it 
did for those of the platform groups. While there was agreement in many areas, TWG views were 
less uniform overall. Accordingly, evaluations of the status of each need are very preliminary. 

In addition to identifying technology needs, project discussion on the part of both platform group 
participants and members of the technology working groups highlighted a range of issues affecting 
quantum technology manufacturing, including needs for basic research, the importance of refined 
manufacturing processes, business challenges, and policy issues. 

Materials and fabrication 

Figures 10 through 21 present the roadmaps for the 12 Materials and Fabrication technology 
capabilities. Selected near-term materials needs are expected to be met, at least at lab scales. 
Transduction efficiency goals, for example, are considered realistic, though as with most of the 
technical goals discussed, the status will depend on specific applications. TWG participants reported 
that there are very good foundries for ion traps with short turn-around time, and that ½-inch diamond 
wafers are also a current capability. 

Much of the challenge with materials development derives from the diversity of applications, 
materials properties sought, and candidate materials for those applications and properties. 
Depending on the application, materials are needed with specific optical, thermal, electrical, defect, 
and other properties. Without knowing specific specs for each application and how these specs are 
likely to evolve over time, technology developers find it challenging to make informed bets on what 
materials research to pursue. TWG participants indicated that consolidating spec information across 
applications in a common source would help guide the material research process. 

Creating materials with desired defects will require significant research in several areas (see Figure 
11). From a manufacturing perspective, introducing new materials into a process is a significant 
concern, as new materials require new processes that can lower yields when introduced. One way to 
address this is via line splits, but line splits bring their own challenges related to added complexity, 
production impact, quality control, coordination, and testing. In the long run, needed materials may 
be manufactured atom-by-atom to achieve completely custom materials, including materials with 
precise defect location, but that capability is well beyond the time horizon of the 2024–2028 
roadmap. 

Regarding ion and neutral atom development needs, PG participants identified clear needs and 
challenges related to fabrication, as indicated in Figure 17. In this area, there is considerable 
uncertainty regarding what is achievable in the 2024 to 2028 timeframe. TWG participants generally 
agreed with the chip fabrication challenges identified by the PGs but believe some progress is being 
made to provide the needed fab capabilities. On the other hand, they cautioned that these 
capabilities may not be low cost and may not be able to provide the quick turn-around times (i.e., 
one month or less) desired for iteration on prototypes. They may also not be fully scalable in the 
desired timeframe. 
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Diamond fabrication and diamond wafers represent another area around which there is uncertainty 
among TWG participants (see Figure 18). Notwithstanding their confidence about current ½-inch 
diamond wafer capability, they are less optimistic about future availability at larger wafer sizes and 
larger scales. This uncertainty exists more generally for the prospects of growing and processing 
other high-quality materials. Technology suppliers do not see commercial production growing and 
fear investing in new technology development, such as crystal growth technology, that gets 
superseded by new technology. Relatedly, they see little incentive to develop off-the-shelf (i.e., 
standardized) crystal growth equipment. 

TWG participants believe some technologies may not lend themselves to mass production within the 
scope of the 2024–2028 time horizon of the roadmap. Vapor cells used for quantum memory, for 
example, are currently glass blown via a process that is as much artisan as it is technological. The 
prospects for R&D on vapor cell manufacturing over the next several years appear promising, but as 
with many of the technologies assessed in the roadmap, market demand will be a factor in providing 
incentives for R&D. 

Going hand-in-hand with materials development is the development of fabrication tool capabilities. 
As Figure 15 indicates, in the long run, more quantum specific tools will be needed. Quantum 
industry demand is still small compared to that of other markets such as semiconductors, and tool 
makers are unsure when or whether quantum demand will be sufficient to incentive development of 
dedicated quantum tools within the timeline of the roadmap. Shared tools housed at a common 
facility can provide a useful option for research needs but are not expected to be suitable to scale 
manufacturing. Better design tools are also needed, especially in areas such as on-chip integration. 
Some of these tools exist, but they are not widely available for purchase and use by system 
developers. 

Another area for which better tools are needed is in materials measurement, especially with respect 
to material purity. As Figure 16 indicates, there’s a need for basic research (i.e., academic research) 
to understand precise purity requirements for chemicals and materials used in quantum technology. 
Regarding materials purity and materials properties more generally, project participants noted that 
materials handling and environmental conditions can have a significant effect on materials and 
degrade properties created in a pristine environment. As a complement to materials research itself, 
there is a need to improved processes for materials handling and preservation. 

Higher temperature operation (above 10K) in the context of heterogeneous integration of materials is 
also a noted challenge. Growth in demand for some high-quality materials is currently driven by R&D 
rather than for production. Regarding room temperature packaging, the extended lifetimes desired 
by platform groups are considered achievable by TWG participants. Standardized packaging will 
help address this goal, as will magnetic shielding and vacuum packaging. In the longer term, new 
materials such as new epoxies and optimized light coupling will help. Temperature cycling 
parameters, including both the rate and profile of cool down and warm up, will affect packaging 
performance. 

Both PG and TWG participants discussed the prospects of using machine learning (ML) for a variety 
of materials research applications. In principle, ML is a cross-cutting capability, though TWG 
participants expect it to be more useful in “front-end” uses associated with materials discovery and 
exploring materials properties than in characterization of existing materials. 
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Figure 10: Roadmap for material platform requirements for switches, wave guides, photodetectors, and photon sources 
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Figure 11: Roadmap for basic materials research 
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Figure 12: Roadmap for materials for qubit-to-qubit communication and interfacing 
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Figure 13: Roadmap for heterogeneous integration of components and materials 
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Figure 14: Roadmap for quantum memory and linear optical quantum operations 
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Figure 15: Roadmap for fabrication tool capabilities 
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Figure 16: Roadmap for defined purity for substrates and chemicals used in quantum device manufacturing 
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Figure 17: Roadmap for chip fabrication / integrated features / on-chip technology for ion and neutral atoms 
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Figure 18: Roadmap for access to and quality of materials 

 

  



 

 

© 2023 SRI International. All Rights Reserved.  

22 

 
Figure 19: Roadmap for crystal growth tool availability 

 

 

  



 

 

© 2023 SRI International. All Rights Reserved.  

23 

 
Figure 20: Roadmap for improved defect placement 
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Figure 21: Roadmap for room temperature packaging 
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Electronics 

Noise management and shielding was a key topic of discussion for Electronics. When discussing the 
2024 needs for this area, shown in Figure 22, TWG participants indicated that the industry lacks 
sufficient quantum-knowledgeable hardware engineers who can answer questions regarding how 
their products integrate with quantum systems. They went on to suggest that increasing the 
availability of multi-disciplinary engineers who can bridge between quantum technology and 
traditional electronics would help address this challenge. Electronics TWG participants also indicated 
that better device models (from manufacturers or vendors) that can extrapolate to cryogenic 
temperatures would be very useful, but that the cost of developing these models and the expected 
low volume of related business is dissuading suppliers from investing much effort on this. Longer 
term, TWG participants indicated that investment in new materials and approaches would help 
manage noise, and that government-funded, university-based research could help here.  

New materials would help address a number of related technical challenges, including the need to 
electrically shield devices without impairing thermal characteristics. Again, the lack of current 
volumes is keeping vendors from making investments in these areas. Finally, TWG participants 
indicated that better testing instrumentation will be needed to meet longer term goals in noise 
management. 

On the topic of noise management, PGs discussed the potential for artificial intelligence (AI) to 
address short- and long-term needs (see Figure 23). TWG participants were less optimistic about 
the potential of AI to improve noise management. They pointed to the lack of training data and the 
number of devices that can produce noise—including lasers, microwave sources, and electronics—
and the need to better understand device construction, shielding, grounding, and the noise each 
component produces as a potentially more fruitful way to inform engineering efforts to improve noise 
conditions. They indicated that improving signal fidelity will require developing approaches for device 
construction and assembly that are specific to quantum. Currently and into the foreseeable future, 
the volume of devices is low compared to that of other industries, such as mobile phones, which 
impedes investment and limits incentives to develop these quantum-specific approaches. 

Regarding scalable analog control circuits (Figure 24), TWG participants indicated there are startup 
companies working on this, but their focus tends to be on small-scale, customized, and instrument-
based solutions. Several startups are also working on electronics purpose-built for super-conducting 
multi-qubit controls (Figure 25), but here again, most solutions are customized. Lack of standards 
was identified as a barrier to meeting short-term needs. Longer term, the industry is trying to move 
electronics closer to qubits to improve performance, but this creates challenges as typical electronic 
components do not perform well below about 100K. Ideally, the industry will develop low-
temperature electronics, though TWG participants did wonder where the incentives for this 
development work will come from. 

The final supply chain topic raised by PG participants regarding electronics related to their concern 
about domestic supply of FPGAs,1 lasers, and laser controls (Figure 26). TWG participants shared 
this concern. They suggested ASICs may be a solution in the short term and are hopeful that the 
2022 CHIPS and Science Act will provide incentives for developing greater domestic supply of 
quantum technology components. 

 

 
1 Field-programmable gate arrays. 
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Figure 22: Roadmap for noise management/shielding 
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Figure 23: Roadmap for noise management/shielding (AI assisted) 
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Figure 24: Roadmap for scalable analog control electronics 
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Figure 25: Roadmap for electronics purpose-built for super-conducting multi-qubit controls 
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Figure 26: Roadmap for a domestic supply of components 
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Lasers and optics 

Figures 27 through 38 present the roadmaps for the 12 Lasers and Optics technology capabilities. 
Regarding the 2024 needs for on-chip integration (Figure 27), TWG participants expect to need at 
least two years to develop prototype technologies and another two years to get to production 
volumes. At the same time, they indicated that not all wavelengths will be available on photonic 
integrated circuits (PICs). There are several PIC development programs ongoing at the global level 
that could address some of the needs for on-chip light generation. Progress in this regard may 
depend on features sizes. While TWG participants expressed optimism regarding progress on PICs 
from large fabs within the next year, this optimism is for longer wavelengths, predominantly telecom. 
Research on wavelengths below 1 micron does not appear to be getting significant attention. 
Integration also depends on the intersection of materials and applications. Photonic integration 
capabilities exist for materials like Indium Phosphide (InP), Gallium Antimonide (GaSb), and Silicon 
Monoxide (SiO), but have so far been exploited only for quantum communication applications. 

As with many of the technologies addressed in the roadmap, TWG participants indicated that 
significant market pull will be needed to incentive sufficient technology development. They 
speculated that emergence of a transformative use case would help to shrink lasers and reduce their 
cost, and they suggested a government-sponsored grand challenge could help accelerate this 
process. In a recommendation reminiscent of one made for materials, TWG participants indicated it 
would be helpful for developers and integrators to consolidate their needs around a specific set of 
wavelengths to help generate critical mass in demand. Participants indicated that photonic 
integration is commercially sensible only for applications targeting more than 100,000 units. They 
also indicated that achieving many of the targets for integrated photonics in Figure 28 will require 
improvements to packaging technology. 

Photodetectors play a ubiquitous role in quantum technology development and PG participants 
identified several desired improvements in capabilities in Figure 29, efficiency among them. TWG 
participants expressed reservations about meeting these targets, at least within the 2024 and 2028 
target timeframe, indicating that PGs may have to sacrifice specs for deployability. 

Regarding quantum interconnection (see Figure 30), TWG participants speculated that connections 
within a single superconducting chip and between superconducting chips that are close together 
(i.e., within a few inches of one another) will be achieved by traditional wire. Long distance quantum 
interconnection will favor optics. 

Components are currently available for a wide range of non-telecom wavelength components, and 
there are production roadmaps for many of these. However, for most, there will be a tradeoff 
between volume/price and specs. High volume and low cost will only be achievable where there is 
sufficient market volume for a given specification. Longer term, TWG participants indicate there are 
numerous ongoing research activities to develop non-telecom wavelength components for use in 
quantum systems, especially for on-chip lasers. TWG participants expect the on-chip lasers desired 
for computing to be achievable by 2028 (see Figure 31) but are not sure c-band wavelengths will be 
available by then. On-chip modulators are also being explored, as are as isolators, switches, and 
diffraction grating couplers. Non-telecom packaging, however, is still underdeveloped. 

Figure 32 highlights needs and challenges related mostly to sensing applications. Here again, TWG 
participants highlight the lack of demand as a barrier to meeting some of the near-term needs, 
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especially those related to classic scaling issues such as SWaP.2 They believed the longer-term 
needs related to pulsed source phase noise, continuous source linewidth, intensity stability, and 
arbitrary optical waveform generation are technically feasible in time, though it’s not clear if that 
means they are all achievable at scale by 2028. Prospects for the higher repetition rate components 
of Figure 33 are also unclear. TWG participants indicated that 1 GHz modulators are currently 
available, but they were less specific about 10 GHz components. For free space communications, 
needs centered on specific wavelength components available at scale, low cost, and optimized 
SWaP (see Figure 34). Needed components can be made currently, and demand will determine 
future scale, which in turn will determine cost. Longer term, there is an R&D challenge to achieve 
frequency conversion without sacrificing linewidths. 

There are select components that PGs would like to see become more portable and available at 
significantly smaller sizes and energy efficiencies (see Figure 35). TWG participants indicate there 
are technical paths to achieve some of these needs, but the work is largely in the research stage 
and some targets, such as VCSELs3 at wavelengths other than 780 nm, may not be achievable. 

In the short term, TWG participants view improving single-photon sources as an engineering 
challenge, not a physics challenge; they know how to do it, they just need to devote the required 
level of effort and investment (see Figure 36). They view meeting the long-term targets as largely a 
matter of finding a business case in which the investment required to meet the stated targets can be 
justified. 

Across most of the discussion of optical components, there was frequent mention of the tradeoff 
between specs and cost. More narrowly defined specs will lead to lower volumes, which, in turn will 
lead to higher costs. Regarding the needs described in Figure 37, TWG participants indicated that 
these needs are generally addressable. Furthermore, some of the longer-term 2028 needs are 
currently available but in the form of prototype technologies. Again, lack of demand for specific 
components is expected to be a barrier to supplying what’s needed at scale. In some cases, for 
example, developing the new bandgap materials described in Figure 38 would require tens of 
millions of dollars, according to TWG participants. For these needs, project participants don’t see 
much progress likely without government funding. 

 

 

 
2 Size, weight, and power. 
3 Vertical-cavity surface-emitting lasers. 
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Figure 27: Roadmap for integration: On-chip light generation for visible and UV 
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Figure 28: Roadmap for Integration: integrated photonics 
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Figure 29: Roadmap for high efficiency photodetectors 
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Figure 30: Roadmap for optical interconnection: long-distance quantum interconnect strategy 
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Figure 31: Roadmap for components and sources at non-telecom wavelengths (on-chip and qubit systems) 
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Figure 32: Roadmap for components and sources at non-telecom wavelengths (sensing focused) 
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Figure 33: Roadmap for components and sources at non-telecom wavelengths (high repetition rate devices) 
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Figure 34: Roadmap for components and sources at non-telecom wavelengths (communications) 
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Figure 35: Roadmap for components and sources: Downscaled and ruggedized lasers for fieldable tech 
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Figure 36: Roadmap for components and sources: Generation, sources, and integration of single photons 
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Figure 37: Roadmap for components and sources: compact, reliable, and fast photonic/optical components (isolators, modulators, fiber components, 

nonlinear optics, shutters) at UV to IR wavelengths 
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Figure 38: Roadmap for components and sources: Compact, reliable, stable, high-power free space laser sources with specific wavelengths and 

tunable wavelengths 
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Cryogenic and vacuum systems 

Cryogenic packaging was highlighted as a key need across different applications of quantum 
technology, including packaging that can survive many cycles from room temperate to millikelvin 
temperatures over long periods of time. TWG participants highlighted the diversity of packaging 
types as the key challenge to meeting the packaging needs shown in Figure 39, and also indicated 
that precise specifications for cryogenic packaging have not yet been determined. Regarding the 
greater knowledge sharing described in Figure 40, TWG participants are amenable to more sharing 
in principle, but any shared information must be clearly and narrowly defined and there must be a 
clear rationale for its sharing, one that does not jeopardize any supplier’s competitive position. 

As they did with cryogenic packaging, TWG participants indicated they need more information on 
needs to address the ultra-high vacuum chamber/pump system needs described in Figure 41. They 
do not see a movement towards standardization within the 2024–2028 timeframe of the roadmap. 

As indicated in Figure 42, PG participants highlighted several long-range needs regarding cryogenic, 
vacuum, and thermal management systems, and most of the TWG participant perspective was also 
focused on the longer term. Primary among the challenges they identified for meeting these needs 
was the diversity of applications and the different solutions they foresee being required for each. 
They also indicate that Helium-3 will be needed to address many of these needs. 
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Figure 39: Roadmap for cryogenic packaging 
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Figure 40: Roadmap for greater knowledge sharing of dilution fridge/cryostat specification data 
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Figure 41: Roadmap for ultra-high vacuum chambers/pump systems 
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Figure 42: Roadmap for improved reliability and SWaP and reduced complexity of cryogenic, vacuum, and thermal management systems 
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Control Systems 

The role of standards was featured in the discussion of control systems needs. TWG participants 
acknowledged that having better standards would help them meet the short-term needs described in 
Figure 43, but they fear that standards could slow innovation. TWG participants indicated that the 
focus of specs for scalable controls is shifting from radio frequency (RF) and mechanical issues to 
thermal regulation issues. A key challenge to meeting the longer-term needs is the challenge of coax 
cabling. Channel counts in the thousands is not considered achievable with coax cabling, though 
currently, that’s the technology the technician workforce is familiar with. 

For components that allow integration of spin systems (see Figure 44), PGs proposed codesign of 
technology with customers for specific applications. The TWG acknowledged the potential benefits 
of codesign in addressing customer needs but also highlighted the fact that customer-specific 
codesign would tend to work against the desire for standardization and off-the-shelf equipment. As 
an alternative, TWG participants proposed setting standards to create compatibility across products. 
In this regard, they cautioned against setting standards too early and getting the industry “stuck” with 
a set of suboptimal standards. They suggest focusing on a small set of key standards that are “not 
too restrictive” but can nevertheless pull the industry toward a degree of commonality. 

TWG participants agreed that technician usable systems compose an important goal, though they 
pointed out that a level of skill is needed for technicians, by definition. They suggest that there will 
likely always be areas of deeper expertise required to integrate components (see Figure 45). 
Longer-term, they suggest reskilling existing CMOS4 test engineers and providing them with 
technology that has been designed with features to facilitate testing and quality control. 

Cryogenic technology is ubiquitous in quantum system development and so is the need for fast 
device testing and validation at cryogenic temperatures. TWG participants described a number of 
challenges associated with meeting the needs described in Figure 46, including lack of standards 
around testing, diversity in protocols for different types of qubits, and lack of an adequate testing 
workforce. Longer term, TWG participants indicated that cryogenic testing will require new solutions 
for things like dilution fridge cabling. 

In comments reminiscent of those made regarding dilution fridge and cryostat specification data, PG 
participants cite lack of shared data as a short- and long-term challenge to creating better tools for 
system and device modeling. TWG participants agreed with the need to address this challenge and 
indicated that better tools will come in the short term from better communication between fab teams, 
design teams (of control electronics and qubits, separately), EDA5 tool developers, and physicists 
(who understand electromagnetic effects). They suggested existing semiconduction design tools, 
which are used to design chips with billions of transistors, could be modified for use with qubits. 
Longer term, they indicated that achieving more accurate modeling will require government 
investment in research or a significant industry player to address the challenge. TWG participants 
believe it is possible to meet the 2028 needs of Figure 48, but doing so will require defining the 
electronics that need to be at low temperatures, how cold these low temperatures need to be, how 
close components will need to be, and what their dimensions will be. 

Figure 49 describes two control-related needs, spin state readout and long-term controls for 
microwave cavities. TWG participants focused mostly the long-term microwave cavity needs, 

 
4 Complementary metal-oxide-semiconductor 
5 Electronic design automation 
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indicating that progress is being made toward the bandwidth range targeted for microwave cavities. 
QTMR participants saw no fundamental barriers to meeting the stated 2028 needs. The same 
optimism was expressed for addressing the 2028 needs described in Figure 50 for FPGA 
feedforward hardware. 
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Figure 43: Roadmap for scalable control systems, including scalable analog control electronics 
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Figure 44: Roadmap for components that allow integration of spin systems into technologies 
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Figure 45: Roadmap for technician usable systems 
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Figure 46: Roadmap for cryogenic temperature fast device testing and validation 
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Figure 47: Roadmap for tools for system and device modeling 
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Figure 48: Roadmap for low temp operation (in situ control electronics) 
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Figure 49: Roadmap for advancements in quantum spin readout and microwave control 
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Figure 50: Roadmap for FPGA feedforward hardware 
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Testbeds 

PG participants identified two areas of need for Testbeds: cloud accessible systems, described in 
Figure 51, and testbeds that provide characterization hardware for specialized components, 
described in Figure 52. The testbed technology category was one for which the project team 
facilitated joint discussion involving both PG and TWG participants. Much of this joint discussion 
focused on the need for white box testbeds over black box facilities. White box testbeds offer 
researchers and developers a higher degree of control, customization, and visibility. Such testbeds 
would be helpful for experimental research, algorithm development, and for understanding the 
detailed operation of quantum systems. Participants pointed to the National Quantum Information 
Science Research Centers (NQISRCs) funded by the U.S. Department of Energy (DOE) Office of 
Science as an example of white box centers that are publicly accessible to researchers from private 
companies and other entities. 

Acknowledging that testbed access is expensive, participants proposed facilitating broader access 
via government support that was awarded on a competitive basis. They warned that if the award 
system was not set up properly, however, such a program might wind up supporting entities that 
already enjoy access to quantum R&D facilities and that any such government program should be 
geared toward providing access to new entrants that lack resources. 

Regarding testbeds to support characterization hardware for specialized components (see Figure 
52), participants were less certain about how such facilities could be made available in the short run, 
especially for smaller developers. Much of the discussion focused on software being developed for 
characterization tools. Several tools are working in this area, but the developers involved are not 
working in a way that could be called cooperative and so the prospects for common testbed facilities 
are not clear. 
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Figure 51: Roadmap for cloud accessible systems 
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Figure 52: Roadmap for characterization hardware for specialized components 
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 Future work 
In reflecting on our approach for developing QTMR and what might be needed in the quantum 
technology industry when this roadmap is due for an update, the SRI team has a few 
recommendations for a Version 2.0. First, we recommend each quantum application (i.e., 
communications and networking, computing, sensing) develops its own roadmap. The specific 
metrics and needs vary drastically by application, and we expect this to become even more true as 
each application progresses. Relatedly, within each application-specific roadmap, we recommend 
keeping needs organized by platform rather than by technology area. As this roadmap was focused 
on manufacturing, it was logical to organize needs by technology when presenting them to 
manufacturers and suppliers for their input. However, as with applications, we expect needs to 
become more platform-dependent over time. 

Another recommendation for a future quantum technology roadmap is to involve manufacturers 
earlier in the process. On the few occasions when we organized meetings between integrators and 
manufacturers, rather than meeting with each group separately, we found the opportunity for direct 
dialogue to be highly valuable. Often, the specifications that integrators provided were not sufficiently 
detailed or were less important to manufacturers. The back-and-forth communication enabled 
manufacturers to obtain the specifications they actually need and learn the integrators’ priorities so 
that the manufacturers can better align with industry. Thus, we recommend planning for more of 
these opportunities from the beginning of the roadmap development process. 

Lastly, we recommend doing more intentional outreach to key players in the industry, on both the 
integrator and supplier sides. In particular, a next iteration should seek more international 
involvement. Many countries have unique specializations, and not including experts from 
international regions can hinder the utility and comprehensiveness of the roadmap. 
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