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Final Report 

(1) Foreword 
 

Cryogenic optical data links can play a valuable role in reducing the power consumption and 
increasing bandwidth of cryogenic systems for cameras and computing systems. The vertical-
cavity surface-emitting laser (VCSEL) provides an important route to a high speed, low cost, 
compact and efficient solution for such applications. Because of their small size, VCSELs can 
meet or beat the electrical power draw required by silicon photonics solutions such as microdisk 
modulators. However the VCSEL solution can produce very high optical coupling efficiency of ≤ 
0.5 dB loss into optical fiber. In contrast, small silicon photonics modulators average ~20 dB 
optical loss making them all but impractical to reach an overall efficiency close to VCSELs.  

VCSELs also have the advantages that they enable low loss optical coupling when used as 
a free space interconnect or an optical fiber interconnect. A free space link can produce fully 
thermal isolation of the data connection from the cryogenic environment of a camera to the 
external electrical connections to image processing and displays. The VCSEL requires only a 
high-speed detector external to the camera as described in this report. Silicon photonics 
modulators in contrast require a tunable laser external to the cryostat to inject the optical signal 
into cryogenic modulator. The tunable laser is needed to match the resonance condition of the 
modulator. In addition, another fiber or fiber splitter is needed to extract the modulated optical 
signal. Therefore the VCSEL can provide an unbeatable advantage in cost, size, weight and 
power (CSWAP), the motivating factor in the development of much of the military technology. 

This Phase I project has studied a new type of lithographic and oxide-free VCSEL designed 
for cryogenic operation along with its insertion into cryogenic cameras. The lithographic VCSEL 
eliminates oxide reliability problems and can be scaled to very small size to achieve very low bit 
energy. The study shows the important trend in threshold reduction from room temperature to 
77 K, and analysis and electrical data show very high modulation speed and ultra low bit energy 
can be expected for further development. The project reports measured results on the cryogenic 
lithographic VCSELs fabricated in this Phase I along with an analysis of threshold and 
differential gain, and the scheme for insertion of the technology into the camera in a 
collaborative effort with the sdPhotonics subcontract Ultra Comm. Some experimental data is 
also provided on room temperature modulation characteristics verifying that 10 Gb/s and much 
greater data speed should be easily achieved for this cryogenic VCSEL link. 

 

 (2) List of Illustrations and Tables 

Figure  

1 Design of high speed cryostat optical link testing system 
2 UltraComm’s uTX and glass wafer components 
3 VCSEL spectral detuning and cryogenic resonance shifting 
4 VCSEL mounting and example test device 
5 VCSEL L-I at 79 and 300K, temperature effect on threshold current 
6 L-I-V measurements and key device characteristics of RT lithographic 

VCSELs of multiple sizes 
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Table 

1 Phase I Technical Objectives 
2 Key device characteristics for RT lithographic VCSELs of multiple sizes 

 

(3) Statement of the Problem Studied 

There is a growing need for development of a high-speed optical data link to enable transfer 
of optical data from cryogenically cooled focal plane arrays (FPAs). The optical link can 
eliminate or reduce cooling loss due to the thermal connection that results from the wiring 
needed for electrical data feed-through. In this SBIR sdPhotonics LLC has performed a Phase I 
effort to study provide development of a low power, high-speed oxide-free VCSEL source with 
high reliability optimized for cryogenic operation. Although oxide VCSELs are now 
predominantly used in high speed optical data interconnects, these lasers have reliability 
problems due to cooling to the cryogenic temperature needed for the cryogenic optical data link. 
This Phase I effort has instead relied on a new type of lithographic VCSEL that is oxide-free. 
Instead the VCSEL uses an epitaxial aperture that achieves comparable or greater optical mode 
confinement and electrical confinement to exceed the oxide VCSEL performance for small 
aperture sizes. Preliminary data has shown that this new lithographic VCSEL can dramatically 
improve the laser reliability while also improving performance. Data rates demonstrated to date 
exceed 10 Gb/s at 95 C even in non-optimized devices. The cryogenic VCSEL source can be 
integrated with free space optics, high-speed detectors, and high-speed laser drivers and 
transimpedance amplifier (TIA) to provide a complete optical connector for the transfer of optical 
data from the cryogenic dewar systems. The optical connector can be designed to interface with 
focal plane readout circuitry and complete the data link. Ultra Comm has participated in the 
Phase I and has advanced microoptic components and package integration needed for the 
cryogenic optical connector. Ultra Comm also has cryogenic test capabilities to enable high 
speed testing in a Phase II of the cryogenic data link based on the new VCSEL technology. 

The SBIR project targets development of both a free space link for cryogenic readout, and a 
multimode optical fiber cryogenic data link. The free space is illustrated in Fig. 1. The approach 
centers on using micro-transmitter (µTX) and micro-receiver (µRX) components [1-4].  The µTX 
utilizes a VCSEL as shown in Fig. 1 in the cryostat interior. The µRX will be aligned through a 
cryostat window. Figure 1 shows a possible fixture of the µTX and µRX components that can be 
optically enclosed to avoid dust or other contamination. Additional configurations of the µTX and 
µRX components are also possible and will be studied in the SBIR. The µTX and µRX have 
numerous advantages and include the VCSEL, microlens, application specific integrated circuit 
(ASIC), and electrical interconnections and contact pads. The µRX replaces the VCSEL with a 
high speed detector. UltraComm has novel technology for the µTX and µRX components for this 
project. 

In the Phase I effort sdPhotonics designed and tested a cryogenic lithographic VCSEL 
and developed a high-speed design to be developed in a Phase II. The cryogenic design 
requires the cavity and gain region of the VCSEL to be spectrally matched at the desired 
cryogenic temperature for the data link, or ~ 77 K. The high-speed design developed in the 
Phase I targets minimizing internal electrical parasitics and uses a special type of implant to 
reduce capacitance and resistance in key places in the VCSEL.  

 



	 3	

 

 

Ultra Comm’s µTX and µRX optoelectronic components have been tested utilizing oxide 
VCSELs for temperatures down to ~ 150 K. To reach cryogenic temperatures the commercial 
off the shelf (COTS) oxide VCSEL now used in the µTX must be replaced with a custom 
cryogenic VCSEL design. Part of the problem with COTS oxide VCSELs is that their design for 
room temperature and higher requires a cavity design poorly tuned for cryogenic operation. 
However another problem with the COTS oxide VCSEL is its poor reliability at the cryogenic 
temperatures because of increased thermal stress in the semiconductor cavity caused by the 
oxide aperture.  

 

 

  

 

Fig. 1 Configuration for a free 
space high speed optical 
interconnect transmitting through 
a cryostat window. The optical 
link uses a µTX component 
inside the camera cryostat and a 
µRX link outside to extract the 
optical data. 

Fig. 2 UltraComm’s µTX 
component for its free 
space optical interconnect. 
The transmitter including 
ASIC and coupling lens 
measures 4 x 4 mm2. 
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(4) Summary of the most important results 

The Phase I technical objectives for the base project are given below. 

 

 

Summary of the Most Important Results: 

 

 

 

 

 

The first three tasks in Table I were completed in the Phase I. The approach for task 2 was  

The first three tasks in Table I were completed in the Phase I. The approach for task 2 was 
discussed above and a more complete discussion can be found in the reports and briefings 
presented to the Army. Here we present the measured results of the cryogenic VCSELs at room 
temperature and low temperature to verify the impact of cavity tuning. For cryogenic operation, 
the lithographic VCSELs have been designed with a spectral offset of the cavity resonance that 
is shown in Fig. 3. This design accounts for the difference in the temperature dependent 
spectral shift for the cavity resonance relative to the quantum well gain region. This temperature 
dependent spectral shift is ~0.7 nm/K for the cavity resonance but ~3 nm/K for quantum well 
gain peak. Therefore the cryogenic VCSEL should be designed with a cavity resonance and 
quantum well to obtain spectral alignment at the desired temperature of the 77 K as shown in 
Fig. 3. The  Phase I effort included this key feature of the design, and epitaxial growth, VCSEL 
fabrication and testing were completed in the Phase I to verify and study the cryogenic 
operation over temperature.  

 

 

Fig. 3 Plots illustrating cryogenic 
VCSEL design to obtain high 
performance at 77 K. The spectral 
detuning at room temperature must 
account for thermal shift between the 
cavity mode  and gain position to 
bring these into resonance at 77 K. 
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Threshold and differential gain benefit dramatically from cooling for a properly tuned VCSEL. 
The threshold decreases as kBT, while the differential gain increase as 1/(kBT). The result is that 
the bit energy for a properly tuned VCSEL can also be dramatically reduced for the 77 K 
operation. The actual VCSEL operation can occur over a very wide temperature range and this 
range may be increased for the lithographic design. Operation from above room temperature 
down to temperatures as low as 4 K and possibly below.  

In our testing lasing was obtained over the full range of testing from room temperature down 
to 79 K. All lasing occurred with low threshold. The cavity can also be further optimized for low 
bit energy when the design is matched for the needed speed. A 10 Gb/s VCSEL for example 
can use a relatively high quality factor laser cavity. The threshold can then be reduced over that 
of a higher speed design. Since the differential gain also increases at the cryogenic 
temperature, the VCSEL bias current can be much lower than for room temperature. We also 
include some results from room temperature operation of very small VCSELs, and these 
promise extremely low bit energy. Based on room temperature results for high speed VCSELs, 
we expect that optimized devices can be reduced to ≤ 1 fJ.  

A range of sizes was tested and measured results are presented below for a 6 µm diameter 
device. The VCSELs were mounted on an open TO header for insertion into a liquid nitrogen 
cooled cryostat as shown in Fig. 4. The wire bond was made to a large Au contact pad shown 
on the right in Fig. 4. The measurements show several important results. These include: 

1. CW room temperature operation of the VCSEL tuned for 79 K, and low threshold 
operation from 79 K to 300 K. This enables the optical link to be operated at room 
temperature to verify operation prior to cooling. 
 

2. Low threshold operation of a 6 µm diameter VCSEL of ~ 200 µA at 79 K. This low 
threshold and the results described below show that a very low bit energy data link 
is possible.  

 

 

 

 

 

 

 

 

 

Fig. 4 Left shows a schematic illustration of the VCSEL mounting. On the right is a diagram of a 
single VCSEL test pad with aperture size ranging from 1-6 um and center to center spacing of 250 
um between individual devices. 
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The measured results are shown in Fig. 5. On the left is shown the light vs. current curves 
for the VCSEL at 300 K and 79 K. The threshold decrease between room temperature and 79 K 
can be seen with the cryogenic design. We note that this VCSEL design and epitaxial growth 
were not yet fully optimized for the cryogenic operation. The results though show the importance 
of cavity resonance tuning at the 79 K to obtain optimal performance for cryogenic operation. 
The decrease in lasing threshold tracks KBT.  

 

 

Past work on the lithographic VCSELs is presented below showing that the lithographic 
single mode VCSEL can achieve high output power and reliability at room temperature [5]-[10].  
These very small VCSELs are of interest to reach minimum bit energy. Some results at room 
temperature are shown in Fig. 6.  

 

 

 

 

 

 

 

 

Fig. 6 On the left shows L-I-V measurements and the resulting key device characteristics. The 
graph on the right shows L-I characteristics for varying device sizes.  

The reliability and output power of lithographic VCSELs are superior to that of oxide 
VCSEL’s at room temperature. Under cryogenic conditions the lithographic VCSELs ouput 

Fig. 5 79 K and 300 K 
L-I’s showing the 
threshold decrease 
with temperature. The 
dashed region shows 
the bias currents 
projected to produce > 
10 Gb/s.  
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power will increase and retain high reliability when compared to the oxide VCSEL due to the 
internal strain caused by the oxide at cryogenic temperatures. The lithographic VCSEL 
becomes much faster with cooling as the threshold current decreases and differential gain 
increases. As a result of these qualities the lithographic VCSEL is capable of reaching very low 
bit energy under cryogenic conditions. Fig. 5 1 shows that the lasing threshold of the 6 µm 
VCSEL decreases to 220 µA at 79 K. However we know that this 6 µm device is not optimized 
yet, and the threshold can in fact be much lower. 

 

Table 2 below tabulates the key device characteristics relative to device size. 
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