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Abstract

Quantum computers typically rely on extremely cold environments to preserve fragile quan-
tum states. Most current qubit platforms—like superconducting circuits—operate in dilution
refrigerators at millikelvin temperatures. Eliminating millikelvin cooling is a key research goal,
promising simpler, cheaper, and more scalable quantum machines. Scientists are now explor-
ing alternative qubit technologies and design strategies to achieve stable operation at or near
room temperature, from novel materials that maintain coherence at higher temperatures to new
error correction and gating techniques that mitigate thermal noise. This paper surveys these
approaches, including promising qubit platforms (NV centers, photonics, spin qubits, topologi-
cal qubits, trapped ions/atoms), materials engineering for higher-temperature operation, error-
correction frameworks, high-temperature quantum logic, and recent advancements. We discuss
the trade-offs, feasibility, and scaling considerations of eliminating or reducing cryogenic condi-
tions, highlighting progress that suggests a future where general-purpose quantum computing
at room temperature could become a reality.

1 Introduction
Quantum computers typically rely on extremely cold environments to preserve fragile quantum
states. Most current qubit platforms—like superconducting circuits—operate in dilution refrigera-
tors at millikelvin temperatures. These complex cryogenic setups are necessary to reduce thermal
noise and prevent decoherence in today’s devices. Eliminating millikelvin cooling is a key research
goal, promising simpler, cheaper, and more scalable quantum machines. Scientists are now ex-
ploring alternative qubit technologies and design strategies to achieve stable operation at or near
room temperature, from novel materials that maintain coherence at higher temperatures to new
error correction and gating techniques that mitigate thermal noise. The following sections sur-
vey these approaches, practical implementations, trade-offs, and recent high-temperature quantum
computing breakthroughs.

Most Present-Day Quantum Processors Rely on Dilution Refrigerators

Most present-day quantum processors require bulky dilution refrigerators operating at millikelvin
temperatures. Researchers are seeking ways to remove this cooling requirement and build quantum
hardware that runs in ordinary laboratory conditions.
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2 Alternative Qubit Technologies for Room-Temperature Opera-
tion

A promising route to room-temperature quantum computing is to use qubit technologies inherently
less dependent on extreme cooling. Several qubit platforms can function at higher temperatures or
even ambient conditions:

2.1 Diamond NV Centers

Diamond nitrogen-vacancy (NV) centers are point defects that behave like isolated spin qubits
with exceptionally long coherence times even at room temperature (on the order of milliseconds).
Researchers have demonstrated all fundamental quantum computing components with NV centers
at ambient conditions, including qubit initialization, gate operations via microwave and optical
control, and readout via photoluminescence. Fully functional qubits in a solid at room temperature
have been realized, and key ingredients like quantum error correction, entanglement, and repeaters
have been experimentally demonstrated. Scaling remains challenging, but recent work on silicon
carbide (SiC) has uncovered analogous defects that share the NV center’s room-temperature quan-
tum behavior in a semiconductor-compatible material. SiC defect qubits can be fabricated on large
wafers, and their optical transitions often occur at telecom wavelengths, making them attractive
for fiber-based networking.

2.2 Photonic Qubits

Photons do not require cooling to maintain a quantum state, since optical photons have energies
far above kBT at room temperature. Quantum information can be encoded in photon polarization,
path, or phase, manipulated with linear optical elements, and measured by single-photon detec-
tors. Historically, these detectors often required cryogenic cooling (e.g., superconducting nanowire
detectors), but novel integrated room-temperature SPADs are emerging. Photonic qubits are thus
promising candidates for cryogen-free quantum computing, although implementing deterministic
two-qubit gates is challenging, often requiring measurement-induced or nonlinear optical tech-
niques. Despite these trade-offs, photonic processors have been used to demonstrate multi-photon
entanglement and even quantum advantage (e.g. boson sampling) at or near room temperature.

2.3 Semiconductor Spin Qubits at Elevated Temperature

Semiconductor spin qubits, commonly realized in silicon or GaAs quantum dots, traditionally op-
erate at ∼ 20 mK. Recent research, however, has pushed silicon spin qubits to above 1 K while
preserving coherence and gate fidelities near fault-tolerance thresholds. By applying strong mag-
netic fields and careful engineering, researchers achieved > 99.5% gate fidelity at 1 K. These “hot”
qubits demonstrate that ultra-low temperatures are not strictly necessary. Higher-temperature
operation allows simpler cryostats, easier integration of classical control electronics, and reduced
engineering complexity. One must contend with shorter coherence times at elevated T and adapt
protocols (e.g. algorithmic initialization), yet the gains in overall system simplicity are substantial.

2.4 Topological Qubits (Majorana-Based)

Topological qubits aim to store information in non-local degrees of freedom intrinsically protected
from local errors. Majorana zero modes in topological superconductors could, in principle, remain
coherent for long durations and drastically reduce error-correction overhead. However, current
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Majorana-based devices require near-absolute-zero cooling to maintain superconductivity. If higher-
Tc superconductors or robust topological phases at higher temperatures are discovered, Majorana
qubits might operate in more moderate conditions. Until such materials are found, topological
qubits remain largely tied to cryogenic environments.

2.5 Trapped Ions and Neutral Atoms

Trapped-ion quantum computers confine charged atoms in electromagnetic traps at room-temperature
vacuum chambers. Laser cooling brings ion motion to the microkelvin regime, but no dilution re-
frigerator is required. Ion-trap systems have reached two-qubit gate fidelities exceeding 99.9% at
ambient conditions, though with potentially larger hardware footprints. Neutral atoms similarly
avoid cryogenics, relying on optical tweezers, vacuum, and laser cooling. These platforms are al-
ready cryogen-free, although they face their own scaling and speed challenges. Nonetheless, trapped
ions/atoms are commercializing as near-term devices for quantum computations without millikelvin
cooling.

3 Materials and Coherence Solutions at Higher Temperatures
Achieving stable qubit operation at higher temperatures often relies on materials engineering:

3.1 Wide-Bandgap Materials

Diamond (NV centers) and silicon carbide feature large bandgaps and rigid lattices, reducing
phonon interactions at room temperature. Isotopic purification (e.g., 12C, 28Si) further length-
ens coherence by minimizing nuclear spin noise.

3.2 High-Temperature Superconductors

Using high-Tc superconductors (like YBCO) could allow superconducting qubits to operate at
liquid-nitrogen temperatures (∼ 77 K), removing the need for dilution refrigerators. However,
coherence times in current high-Tc circuits lag behind lower-Tc devices, so ongoing materials research
is required.

3.3 Decoherence-Free Subspaces and Nuclear Spins

Nuclear spins couple weakly to the environment, enabling longer coherence at higher temperatures.
Hybrid electron-nuclear approaches (e.g., NV center plus 13C or 14N) store information in nuclear
spins for robust memory, transferring states to the electron spin for faster gate operations.

3.4 Isotopic Engineering

Purifying materials to remove nuclear spins or other sources of magnetic noise pushes the boundary
of how warm the qubit can be before decoherence sets in.

3.5 Novel Quantum Materials and Molecules

Researchers are designing new materials (e.g. metal-organic frameworks) and molecular spin centers
to preserve coherence above cryogenic temperatures. Chemical design can yield stable spin states
with minimized interactions and record-high coherence at room temperature.

3



4 Error Correction and Hamiltonian Design at Higher Tempera-
ture

Operating qubits in warmer conditions raises decoherence and error rates. To mitigate this:

4.1 Higher-Threshold Codes

Room-temperature qubit platforms may have physical error rates nearer a few percent, requiring
codes with higher thresholds or specialized noise tailoring. This can demand more qubit overhead.

4.2 Error Mitigation and Dynamical Decoupling

Sequences of rapid control pulses (dynamical decoupling) and error mitigation protocols can sup-
press or average out low-frequency noise, extending coherence times at elevated temperatures.

4.3 Biasing Hamiltonians for Stability

Engineered qubit Hamiltonians can favor certain error channels (e.g., primarily phase flips) so that
tailored error correction codes perform efficiently. Alternatively, qubits with large energy splittings
can reduce thermally driven transitions.

4.4 Frequent Error Correction Cycles

If decoherence accelerates at higher T , running QEC cycles more frequently may compensate. This
requires fast gates, fast readout, and substantial classical co-processing.

4.5 Ambient QEC Demonstrations

Small-scale QEC demonstrations in NV centers or other solid-state systems at ambient tempera-
ture show that error correction is not fundamentally tied to cryogenics, though scaling remains a
challenge.

5 High-Temperature Quantum Gates, Entanglement, and Read-
out Mechanisms

Room-temperature quantum computing also requires robust gate operations, entanglement preser-
vation, and readout:

5.1 Fast, Robust Gates

Shorter coherence windows demand faster or more error-resilient gates. NV center spins, for in-
stance, can be flipped in nanoseconds; photonic systems rely on linear optics or measurement-based
entangling gates.

5.2 Entanglement Preservation

Entanglement is fragile in warm environments due to environmental noise. Dynamical decoupling
and real-time error correction techniques help retain entangled states. Photonic entanglement
distribution in fiber or free-space, for instance, is not limited by thermal population.
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5.3 Readout Approaches

Optical readout (NV, ions) exploits fluorescence, while semiconductor spin qubits rely on spin-to-
charge conversion. At higher temperatures, noise in sensors or amplifiers increases, requiring faster
or more sensitive detection.

5.4 Initialization and Feedback Control

Thermal mixing can reduce ground-state polarization. Algorithmic protocols and cooling-by-
measurement can achieve high-fidelity state initialization without cryogenics. Feedback-based gate
stabilization counters temperature drifts and device parameter shifts.

6 Recent Advances in High-Temperature Quantum Computing
Several breakthroughs illustrate the potential of warm quantum hardware:

• “Hot” Silicon Spin Qubits: By pushing spin qubits above 1 K, researchers achieved > 99%
gate fidelity, opening the door to simpler cryogenics and integrated control electronics.

• Quantum Brilliance’s Diamond Processors: Prototype diamond quantum modules at
ambient conditions suggest the possibility of compact, cryogen-free quantum accelerators.

• IonQ’s Room-Temperature Ion Trap: Extreme high vacuum packaging eliminated cryo-
genic pumps, enabling a smaller, room-temperature quantum computer with record gate
fidelities (> 99.9%).

• Photonic Quantum Advantage: Boson sampling demonstrations (Jiuzhang, Borealis)
largely run at or near room temperature, with possible fully cryogen-free photonic chips on
the horizon.

• Majorana Milestones: Although still at mK, topological qubits could one day circumvent
lower temperature requirements if high-Tc superconductors or robust topological phases at
higher T are realized.

7 Trade-Offs and Feasibility Considerations
Eliminating millikelvin cooling simplifies certain aspects of quantum computing but introduces new
challenges:

7.1 Complexity vs. Cooling

While removing dilution refrigerators lowers infrastructure demands, it can necessitate more qubits
for error correction or advanced materials that are trickier to fabricate.

7.2 Scalability of Qubit Platforms

Each high-temperature approach (NV centers, photonics, spins, ions) faces unique scaling hur-
dles, from crystal growth and photonic loss to control wiring in semiconductors and large laser
architectures in atomic systems.
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7.3 Noise and Environmental Issues

Room-temperature hardware may suffer from vibrations, magnetic/electric field fluctuations, and
other noise sources. Shielding or feedback solutions can mitigate these, increasing engineering
complexity.

7.4 Hybrid Approaches

Many proposals envision combining warm qubits with small cold modules, or mixing photonic inter-
connects at room T with partially cooled data planes. Liquid-nitrogen or closed-cycle cryocoolers
might provide an intermediate, simpler step than full dilution refrigeration.

7.5 Timeline and Engineering

Room-temperature prototypes (e.g., IonQ, NV centers) already exist in smaller forms; scaling to
large fault-tolerant machines could take another decade or more. Incremental progress in fabrica-
tion, materials, and error correction will be crucial.

8 Conclusion
The quest to eliminate millikelvin cooling in quantum computing has spurred a rich diversity of
research, from defect spins in diamonds to photonic chips and topological quasiparticles. Each
approach comes with trade-offs in complexity, error rates, and scalability, but steady progress is
being made on all fronts. Already, certain systems (ions, atoms, NV centers) operate at or near
room temperature, and semiconductor spin qubits are not far behind in reaching “hot” operation.
As materials improve and error correction adapts, the gap in performance between cryogenic and
high-temperature qubits is narrowing. The promise of quantum processors that run in a simple lab
or data center environment is driving innovation in both hardware and theoretical techniques.

While significant challenges remain, recent advances demonstrate that stable room-temperature
quantum computation is increasingly feasible. In the coming years, we can expect hybrid systems
and specialized high-temperature quantum devices to emerge, leading the way toward eventually
general-purpose quantum computers without the deep freeze. Each success in this direction low-
ers the barrier to quantum technology’s wider deployment, bringing quantum computing out of
the confines of dilution refrigerators and into a more accessible realm. The journey to room-
temperature quantum computing is as much about clever engineering and materials science as it is
about fundamental physics—and it is well underway.
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