
Abstract— Small-sized vertical-cavity surface-emitting laser 

(VCSEL) offer the possibility of very low power consumption 

along with high reliability for cryogenic data transfer. Cryogenic 

data transfer has applications in focal plane array cameras 

operating at 77 K, and at the lower temperature of 4 K for data 

extraction from superconducting circuits. A theoretical analysis is 

presented for 77 K and 4 K operation based on small cavity, oxide-

free VCSEL sizes of 2 to 6 µm, that have been shown to operate 

efficiently at room temperature. Temperature dependent 

operation for optimally-designed VCSELs are studied by 

calculating the response of the laser at 77 K and 4 K to estimate 

their bias conditions needed to reach modulation speed for 

cryogenic optical links. The temperature influence is to decrease 

threshold for reducing temperature, and to increase differential 

gain for reducing temperature. The two effects predict very low 

bias currents for small cavity VCSELs to reach needed data speed 

for cryogenic optical data links. Changing the number of top-

mirror pairs has also been studied to determine how cavity design 

impacts speed and bit energy. Our design and performance 

predictions paves the way for realizing highly efficient, ultra-small 

VCSEL arrays with applications in optical interconnects. 

 
Index Terms—Vertical cavity surface emitting lasers, high 

speed modulation, laser physics, semiconductor devices, optical 

data transmission. 

I. INTRODUCTION 

here are growing applications for which high efficiency 

optical data transfer is needed from cryogenic 

environments into room temperature data output. These 

include focal plane arrays [1]–[2], operating at 77 K and 

superconducting circuits that operate at 4 K [3], [4]. Achieving 

high efficiency at the cryogenic temperatures is a key challenge, 

because of the necessity to reduce heating in the cryogenic 

environment [3], [5]. The optical data transfer can be 

accomplished using a free space interconnect, using an optical 

window, or through one or more optical fibers [6].  

Vertical-cavity surface-emitting lasers (VCSELs) could 

provide a very efficient, low cost and compact solution for these 

cryogenic optical data links [7], [8]. However, oxide VCSELs 

[7]–[14] suffer internal stress due to the oxide, that is known to 

cause early VCSEL failure, and could be problematic for 

cryogenic operation.  
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To counter these problems in oxide VCSELs, oxide-free 

VCSELs have recently been developed that can be scaled to 

micro-meter size with record efficiency [15]–[21].  

These small cavity oxide-free VCSELs can operate at high 

efficiency and present a low bit energy solution to optical data 

transfer. The VCSEL’s high efficiency coupling to optical fiber 

and direct modulation reduce or eliminate optical scattering loss 

that accompanies modulator approaches. The VCSEL is also 

expected to be a much lower cost for an overall solution to 

cryogenic data links than modulator approaches that include 

multiple fibers in and out of a cryogenic system, and a tunable 

laser outside the cryostat for the low power modulators such as 

microdisks. 

Laser diode simulations that include temperature dependent 

gain distributions analyzed using the electronic density of states 

of the gain region and coupling to the VCSEL cavity modes are 

applied to these small cavity VCSELs to analyze their expected 

low temperature operation for optimized devices. Here we 

make projections of key VCSELs properties using an analysis 

based on the temperature-dependent threshold and differential 

gain for 4 K and 77 K operation. 

The key to the low bit energy potential is the laser cavity 

scaling and temperature influence on the VCSEL lasing 

threshold and differential gain. For optimal design the VCSEL 

threshold scales with reducing temperature as ~ 𝑘B𝑇, where kB 

is Boltzman’s constant and T is temperature. The differential 

gain scales as 1/(𝑘B𝑇). Threshold also ideally scales with 

reducing aperture size 𝜋𝑟A
2 as long as laser efficiency is 

maintained, where 𝑟A is the aperture radius, and lateral diffusion 

of carriers under the current aperture can be greatly reduced. 

The combined effects indicate that when properly designed, 

directly modulated VCSELs present a very high efficiency path 

for optical data interconnects used to extract data from 

cryogenic systems. 

The projection from the model suggests that high-speed 

modulation can be achieved at 4 K at just few μAs of bias 

current, with optimized 77 K devices requiring approximately 

10 µA of current for 2 µm diameter cavity size demonstrated to 

reach high efficiency at room temperature [15]. The extremely 

low bias current predicts very low bit energy and high 

efficiency at the cryogenic operation, and make the oxide-free 

VCSEL an important route for cryogenic optical interconnects. 

II. INTRINSIC MODULATION MODEL 

Previously we have reported a model of the intrinsic 

modulation response that incorporates temperature dependent 

carrier distributions and temperature dependent cavity detuning 
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relative to the laser’s gain spectrum [22]. We employed laser 

rate equations as the start point to model the temperature 

dependence of the small cavity lasers as given in [22]. This 

analysis included bulk electronic states of the gain region that 

could become populated when internal self-heating led to 

thermal rollover [22]. As shown in Eqs. (1) and (2), the rate 

equations for photon number and for the number of electrons 

and holes in the gain region can be written as 
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where 𝑛𝑚 is the photon number of the 𝑚-th mode in the cavity, 

𝑄𝑚 is the quality factor, 𝑞 is the charge of an electron, and 𝜔𝑐,𝑚 

is the lasing frequency in the cavity. 𝑁𝑒 is the number of 

electrons in the active region, 𝐼 is the bias current injected into 

the active region. 𝑔𝑠𝑡,𝑚 is the gain coefficient related to 

stimulated emission, and 𝑔𝑠𝑝,𝑚 is the spontaneous emission 

coefficient. All terms in Eqs. )1( and (2)  are function of the 

junction temperature 𝑇𝐽. We assume charge neutrality in the 

quantum well gain region that includes the thermal populations 

in the bulk states of the gain region so 

),(),( JhJe TtNTtN   

where 𝑁ℎ is the number of holes in the active region. Therefore, 

the modulation of the holes is the same as the modulation of the 

electrons.  

The analysis becomes simplified for cryogenic operation 

since bias currents can be much lower, and electron-hole 

populations are confined mainly to the quantum well electronic 

states. The intrinsic modulation response is expressed as a 

transfer function of the photon density over electron density in 

frequency domain. By using small signal response analysis and 

applying Fourier transform to the rate equations in time domain, 

we can find the expression for the frequency response. Eq. (4) 

shows the expression for the intrinsic modulation response, 

derived from semiconductor rate equations, 
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where 𝑛0(𝑇) is the photon number and can be obtained by 

solving the rate equations. 𝐺𝐷𝑖𝑓𝑓  in (5) is differential gain, 

which is a function of junction temperature and electron 

numbers (𝑁𝑒). It can be found by solving the rate equations in 

steady state, 
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The output power of the laser is related to photon numbers 

by the following expression:  

n
Q
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where 𝜂𝑑𝑖𝑓𝑓 is the differential slope efficiency. Below we 

assume that the slope efficiency is 70% based on reasonable 

mirror reflectivities and optical loss, but the results are not too 

dependent on the precise value.  

 

III. ROOM TEMPERATURE PERFORMANCE   

We have previously presented experimental results on 

lithographic and oxide-free VCSELs as small as 1, 2, 3 and 

4 μm in diameter at room temperature [15]–[17]. The lasing 

characteristics, including threshold currents, maximum power, 

differential quantum efficiency (D.Q.E.), power conversion 

efficiency (P.C.E.), are shown in Table I. Accordingly, high 

output power, high reliability, and minimum bit energy can be 

achieved from these small-sized oxide-free VCSELs at room 

temperature.  
TABLE I 

Threshold current, maximum power, differential quantum efficiency (DQE) 

and power conversion efficiency (PCE) for oxide-free VCSELs size from 1 to 

4 µm. 
 

Device Size 

(µm) 

 

Ith 

(mA) 

 

Pmax 

(mW) 

 

DQE 

 

PCE 

1 0.33 5.00 79.7% 37.4% 

2 0.30 7.97 73.4% 45.5% 

3 0.32 11.61 76.0% 49.0% 

4 0.42 14.00 72.7% 48.5% 

IV.  INTRINSIC MODULATION MODEL AT 

CRYOGENIC 

In this work we are making projections for 4 K and 77 K 

operation of ultra-small oxide-free VCSELs. For cryogenic 

operation only consider the first mode (𝑚 = 1). At low 
temperatures, the rate equations expressed by (1) and (2) can be 

approximated as the following:  

 

  }11

1{

)()(

)()(

TBNTAN

TBNTAN

QWQW
c

ee

ee

ee

neeGNn
Qdt

dn










 

 
sp

eTBNTAN

QWQW
e N

neeGN
q

I

dt

dN
ee




 )()(
1   

where 

TkANm
TA

BLQWe

2

)(


  

TkANm
TB

BLQWh

2

)(


 . 

 𝑚𝑒 and 𝑚ℎ are the effective masses of electrons and holes in 

the quantum wells, 𝐴L is the area of the lasing region, 𝑁QW is 

(4) 

(2) 

(5) 

(1) 

(3) 

(6) 

(7) 

(8) 



the number of quantum wells in the active region, Γ is the 3-

dimensional confinement factor where we have assumed the 

transverse confinement is unity, 𝑘B is the Boltzmann constant, 

and 𝜏sp is the spontaneous lifetime due to the semiconductor 

dipole transition, assuming a filled electron state and empty 

hole state. 𝐺QW includes the dipole strength of the planar 

quantum wells, and along with constant factors is given by  
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where 𝑚𝑟 is the reduced effective mass of an electron and hole 

pair, 𝐿x𝐿y is the lasing area of the quantum wells in x-y plane 

perpendicular to the direction of quantum well thickness (𝑧), 

and 𝐸(𝑧𝑄𝑊) is normalized field strength that accounts for the 

actual confined laser field intensity in the semiconductor cavity. 

𝑞𝑑c,v is the dipole moment between the electron and hole in 

conduction and valence band and can be found from the term of 

interest for spontaneous emission rate in a 2-level system given 

by, 
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so the dipole moment can be calculated from  
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where 𝑛𝑟 is refractive index in the active region, 𝜀0 is vacuum 

permittivity and 𝜔2,1 is the lasing frequency in the cavity. It can 

be shown that gain (𝑔st) at low temperature is expressed by, 
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so differential gain will be given by, 
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V.  DEVICE STRUCTURE 

Below we consider an oxide-free VCSEL. It is a Half-wave 

cavity structure designed with 15 p-type AlAs/15%AlGaAs 

quarter-wave top mirror pairs and three GaAs quantum well and 

two cavity spacers around the cavity (65%AlGaAs) and 

completed with 35 n-type 15%AlGaAs/AlAs quarter wave 

bottom mirror pairs and two 15%AlGaAs layers for phase 

match and GaAs as the substrate. This structure is designed for 

an assumed lasing wavelength of 845 nm.  

VI.  L-I CURVE AND MODULATION RESPONSE OF 

THE DEVICE AT T=4 K AND T=77 K  

In this section, the results of simulations are given and show 

the impact of temperature, device size, and cavity design on the 

VCSEL performance. By solving the rate equations shown in 

Eqs. (7) and (8) and using the parameters calculated for device 

structure, the number of electrons in the active region vs. bias 

current, L-I characteristics, and modulation speed are 

calculated.  

Fig. 1 shows the number of electrons vs. bias current for a 2 

µm oxide-free VCSEL with different number of top-mirror 

pairs calculated at 𝑇 = 4 K and 𝑇 = 77 K.  

  
Fig.  1. Variation of the number of electrons in the active region with the bias 

current for a 2 µm oxide-free VCSEL lasing at 845 nm calculated at (Upper) 

T=4 K. (Lower) T=77 K. 

As it can be seen in Fig. 1, by increasing the bias current, the 

number of electrons in the active region increases linearly. 

Once the bias current passes the threshold current, the number 

of electrons saturates. Also it can be observed that the higher 

the number top-mirror pairs, the lower the lasing bias current 

threshold.    According to this analysis, the VCSEL with 16 top-

mirror pairs leads to ~20% and ~50% lower threshold number 

of electrons compare to the two other VCSELs with 13 and 10 

pairs top mirror.  

Also at 4 K, the threshold current is predicted to be capable 

of reaching a value over an order of magnitude lower than that 

(9) 

(10) 

(11) 

(12) 

(13) 



in 77K. Therefore, the VCSEL will have novel threshold 

performance at lower temperatures, due to reduction of the 

carrier distributions in the quantum wells. 

Fig. 2 shows calculated L-I characteristics of an oxide-free 

VCSEL with 16 top-mirror pairs for a variety of device sizes 

ranging from 2 µm to 6 µm in diameter at different 

temperatures. As shown in Fig. 2, the threshold current 

decreases by decreasing the device size, indicating the smaller 

size lithographic VCSELs have better performance. The 

threshold current of 2 µm device is 160 nA at 4 K and 5 µA at 

77 K. 

 

 

Fig.  2. Output power vs. bias current for the 2, 3, 4, 5 and 6 µm diameter 

oxide-free VCSEL lasing at 845 nm calculated at (Upper) T=4 K.  (Lower) 

T=77 K.  

The bias current for achieving a specific 3dB bandwidth has 

also been calculated to determine the impact of bias current on 

the   intrinsic 3dB bandwidth for a number of top-mirror pairs. 

Fig. 3 shows the calculated results for a 2 µm diameter oxide-

free VCSEL for 8, 9, 10, 11, 12 and 14 pairs of top mirrors. The 

analysis predicts intrinsic speed can be increased by reducing 

junction temperature and shrinking the laser cavity size. In 

addition, the reduction in thermal broadening of the electron-
hole pairs confined in the quantum wells enables much lower 

reflectivity to be used at cryogenic temperatures than room 

temperature, and still achieve lasing.  

 

Fig.  3. 3dB bandwidth vs. current of a 2 µm oxide-free VCSEL lasing at 845 

nm, with different number of top-mirror pairs calculated at (Upper) T=4 K. 

(Lower) T=77 K. 

Fig.4 shows the analysis conducted in Fig.3 at the low current 

regime. From these curves the bias current can be determined 

to reach a given calculated modulation speed. These bias 
currents are predicted to be very low. For instance, the bias 

current required to reach 20 GHz speed is 623 nA at 4 K, and 

15.1 µA at 77 K, assuming 16 pairs of top mirror.  



 
Fig.  4. 3dB bandwidth vs. current of a 2 µm oxide-free VCSEL lasing at 845 

nm with different top mirror pairs calculated at (Upper) T=4 K. T=77 K 

(looking to low currents). 

Fig. 5 shows the impact of top mirror reflectivity of the VCSEL 

on the lasing threshold current at temperatures of T=4 K and 

T=77 K. Based on this analysis,  we can decide which structure 

will have a better performance. The mirror reflectivity increases 

with the number of mirror pairs, thus reducing the threshold 

current density. Top mirror with 16 pairs has reflectivity of 
99.4% and according to the Fig. 5 it has lowest threshold current 

compare to other top mirror structures. It has threshold current 

of 0.16 µA for 4 K and 4.3 µA for 77 K. Also, the analysis 

shows that the lasing threshold current performance at 4 K is 

much better than that at 77 K. 

 

Fig.  5. Threshold Current vs. Top Mirror Reflectivity for a 2 µm oxide-free 

VCSEL lasing at 845 nm calculated at T=4 K and T=77 K. 

 

Also top mirror reflectivity which is dependent on the number 

of top-mirror pairs has impact on the intrinsic 3-dB bandwidth 

of the VCSEL, as shown in Fig. 6 for a 2 µm oxide-free VCSEL 

at 𝑇 = 4 K and bias current of 2.5 μA. 

 

Fig.  6. Intrinsic 3 dB bandwidth vs. top mirror reflectivity for a 2 µm oxide-

free VCSEL lasing at 845 nm calculated at T=4 K. 

 

The intrinsic modulation response of a 2 µm oxide-free 

VCSEL, simulated based on Eq. (4) at T=4 K for different pairs 

of top mirror, is shown in Fig. 7. The 3dB bandwidth of each 
device can be extracted from the figure.  Based on this analysis, 

we can make predictions about the speed of the device for 

different top mirrors. The device with 16 pairs of top mirror has 

higher 3dB bandwidth. 

 

 

Fig.  7. Frequency response of a 2 µm oxide-free VCSEL lasing at 845 nm 

calculated at temperature of T=4 K for different number of top-mirror pairs. 

 

Fig. 8 shows the modulation response of a 2 µm oxide-free 

VCSEL with 16 pairs top mirror for different bias currents at 

T=4 K. Accordingly, the bias current of 603 nA is a current 

needed to reach small signal intrinsic speed of 20 GHz. 

 

 

  
 



 

Fig.  8. Frequency response of a 2 µm oxide-free VCSEL lasing at 845 nm 

calculated at temperature of T=4 K for a 16 pairs top mirror at different bias 

currents. 

VII.  CONCLUSION 

In summary, we have investigated the cryogenic operation of 

ultra-small oxide-free VCSELs with applications in cryogenic 

optical data transfer. An experimental data on lithographic 

oxide-free VCSELs as small as 1, 2, 3 and 4 μm in diameter at 

room temperature has been presented, showing high output 

power, high reliability and minimum bit energy. Projections 

have been made for key VCSELs properties at cryogenic using 

intrinsic-modulation-response model for oxide-free VCSEL 

sizes of 2 to 6 µm at 4 K and 77 K operation. Analysis indicates 

that the threshold current decreases significantly with reducing 

temperature, which makes it possible to achieve a better 

performance for ultra-small oxide-free VCSELs in low 

temperatures. Additionally, the impact of cavity design 

parameters such as the number of layers in top mirror on the 

lasing threshold is investigated.  

Simulation results indicate the small size lithographic 

VCSELs are expected to have very low bias current, high 

reliability, high efficiency, and low bit energy due to size 

scaling of the laser at the cryogenic operation. It is shown that 

the 2 μm diameter oxide-free VCSEL with 16 pairs in top 

mirror is promising to have high intrinsic modulation 

bandwidth at 4 K with small threshold current compared to the 

ones in higher temperatures. We therefore think ultra-small 

oxide-free VCSEL arrays are promising platforms for future 

cryogenic optical interconnects. 
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