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Summary 

We report the first measurements of the low-frequency interband cascade (IC) laser photon noise 
and relative intensity noise (RIN) as a function of constant-wave (cw) laser current at 30 K and 
100 K. Just below and above threshold, the IC laser primarily exhibits a frequency-independent 
photon noise spectral density in agreement with theory. At threshold, the observed photon noise 
spectral density exhibits large fluctuations at closely spaced discrete frequencies. At 30 K the 
dependence of the IC laser photon noise and the RIN on current qualitatively agrees with theory. 
Thermal effects at 100 K result in a much larger increase in the photon noise, with increasing 
current than theoretically predicted, and significant disagreement between the observed and 
theoretical dependence of the RIN on current. Further studies are needed to understand the 
observed thermal effects on IC laser photon noise, photon fluctuations at threshold, and the 
excess low-frequency photon noise. The reported IC laser photon noise measurements are useful 
in the design and analysis of system performance in various applications of the IC laser.   
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1. Introduction 

The interband cascade (IC) laser (1, 2) is a relatively new type of semiconductor mid-infrared 
(IR) light source that is based on radiative transitions between the conduction and valence bands 
in type-II semiconductor quantum wells (QWs). Type-II unipolar IC lasers use the type-II band 
alignment in Sb-based QW structures and an applied potential to obtain a staircase-like band 
structure, allowing each injected electron to cascade down a series of injection and active regions 
resulting in a quantum efficiency which is greater than one, which is the limit in interband diode 
lasers (1–3). Quantum cascade (QC) lasers (4,5) use a similar recycling of injected electrons to 
achieve lasing from stimulated intersubband transitions in a series of coupled QWs. Since the 
early experimental studies of the IC laser (6-11) improved material quality, device design and 
fabrication have led to significant improvements in IC laser performance (12–17). Mid-IR lasers 
are needed for commercial and military applications such as chemical sensing, IR 
countermeasures, free space communications, and IR ladar. The spectral density of fluctuations 
in the output power of the IC laser—referred to as photon noise or laser intensity noise—is an 
important device performance parameter for these potential applications. However, no theoretical 
or experimental investigation of the IC laser photon noise has been reported. In this report we 
report constant-wave (cw) measurements of the IC laser photon noise and relative intensity noise 
as a function of current at 30 K and 100 K. 

Comprehensive theoretical models (18, 19) of the photon noise in QC lasers have been 
developed. The theoretical model for the QC laser photon noise, which is based on a three-level 
coupled QW active region, is quite general; its main features are qualitatively applicable to the 
IC laser. The QC laser noise theory is based on linearization of the coupled set of nonlinear rate 
equations to obtain rate equations for the fluctuations in electron and photon density. All gain 
sections in the IC laser are connected in series. As a result, the electron density fluctuations in 
different gain stages are all coupled to the photon density fluctuations and the fluctuations in the 
current through the active regions. Current fluctuations are suppressed by electronic correlations 
and the small differential resistance of each gain stage compared with the total laser differential 
resistance. The theory assumes that, away from threshold, fluctuations can be modeled by small 
Langevin noise sources, which results in a frequency-independent (white noise) photon noise 
spectral density for frequencies that are small compared to the laser modulation frequency. The 
theory is not applicable at threshold because the use of completely random Langevin noise 
sources and the linearization of the rate equations are not valid procedures at laser threshold (20). 
Above threshold, the contribution of non-radiative recombination processes to the QC laser 
photon noise is dominant and increases with bias current (18, 19). This is in contrast to interband 
diode lasers, where spontaneous emission is the dominant noise source above threshold (21, 22).  
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2. Experiment 

The IC laser structure has 18 active regions that are separated by an injection region composed of 
digitally graded Indium Arsenide (InAs)/Aluminum Indium Antimonide (Al(In)Sb) multi-QWs. 
The active region consists of coupled InAs, Gallium Indium Antimonide(GaInSb) and Gallium 
Antimonide (GaSb) QWs separated by Aluminum Antimonide (AlSb) barriers. Under bias, 
electrons that are injected into the InAs QW, undergo radiative or non-radiative interband 
transitions into the GaInSb QW, tunnel into the adjacent GaSb QW, and then enter the next 
injection region by interband tunneling. The laser structures were grown by molecular-beam-
epitaxy and processed into mesa-stripe lasers with a mesa-width of 15 µm and a 1 mm cavity 
length. Both facets of the laser cavity were left uncoated. The lasers were mounted on a chip 
carrier, which was affixed to the cold finger of a low-temperature cryostat for measurement. 
Measurements were not carried out at temperatures higher than 100 K to avoid degradation of 
the IC laser. The 3.45 µm emission from one facet of our IC laser was focused onto a 1 mm 
diameter Judson Indium Antimonide (InSb) photodetector, whose output is fed into an amplifier 
with a constant gain over the frequency range 0–203 KHz. Based on previous measurements of 
the laser’s far-field pattern and our collection optics, we estimate that 70% of the total output 
power from the facet is collected. The laser output power is proportional to the direct current (dc) 
output of the amplifier. The low-frequency spectral density of the laser photon noise was 
measured by a Hewlett-Packard spectrum analyzer, taking into account the thermal noise from 
the amplifier and the photodetector. Measurements of the photodetector current over the range of 
laser output power show that the photodetector current shot noise is negligible compared to the 
observed photon noise associated with fluctuations in the output power of the IC laser. 

3. Results 

The measured photon noise spectral densities over the frequency range 5 KHz–100 KHz of a 
typical laser at 100 K and 30 K are shown in figures 1 and 2, respectively, for various cw laser 
currents. The spectrum analyzer’s local oscillator signal appears over the range 0–5 KHz range. 
The laser threshold current, Ith, is approximately 9.7 mA and 3.1 mA at 100 K and 30 K, 
respectively. For laser currents slightly above threshold, the observed photon noise spectral 
density, Sf, is predominantly constant for frequencies greater than around 16 KHz, indicating that 
above threshold, the laser photon noise primarily has a white noise spectrum in agreement with 
theory (18, 19). At 30 K we observe a sharp decrease in the white noise component of Sf as the 
current, I, is increased above threshold to 4.4 mA. The 30 K white noise is insensitive to I over 
the range 4.4 mA < I < 10.2 mA, and then increases by roughly a factor of 10 as I is increased 
from 10.2 mA to 30.2 mA. Theory (18) predicts the sharp decrease in Sf above threshold 
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followed by a factor of 3.5 increase in Sf, with increasing current over the range 2 < I/Ith < 10. In 
contrast, the measured 100 K white noise component of Sf increases by a factor of around 600 
when the laser current is increased from 10.2 mA to 27.3 mA. The observed large increase in the 
100 K Sf with increasing current indicates that thermal effects result in a significant increase in 
the IC laser photon noise due to increased non-radiative recombination.   

The photon noise spectral density has a low-frequency excess noise component that can be 
approximately fitted by a 1/f2 dependence over the 5 KHz–16 KHz range, as shown in figure 1, 
by the 1/f2 fit to the 10.2 mA excess photon noise over the range 3 KHz ≤ f ≤ 16 KHz. The 30 K 
data shows that the excess noise component increases monotonically with current. At 100 K the 
ratio of the low-frequency excess noise at 5 KHz to the white noise increases from 25 dB to 
26 dB, as the laser current is increased from 10.2 mA to 15.4 mA and then decreases to 22 dB as 
the current is increased to 27.3 mA. Figure 3 shows that the 100 K photon noise spectral density 
changes to a 1/f1.6 frequency dependence over the range 5 KHz–80 KHz when the current is 
increased from 27.3 mA to 37.9 mA. The mechanism for this change in the photon noise 
spectrum is unknown, but the change is clearly induced by thermal effects. The observed 
temperature and current dependence of the low-frequency excess noise confirms that it is 
associated with photon fluctuations and not with low-frequency photodetector current 
fluctuations. The mechanism for the low-frequency excess photon noise could be similar to the 
deep-level trap mechanism responsible for generation-recombination noise (23) and mode-
competition noise (24) in interband diode lasers.  

 

Figure 1. Photon noise spectral density at 100 K for several cw laser  
currents. The thick solid line in the 10.2 mA plot is a 1/f2  
fit to the data. 
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Figure 2. Photon noise spectral density at 30 K for laser currents  
of 4.4 mA, 10.2 mA, 21.4 mA, and 30.2 mA. Note that  
the 4.4 mA and the 10.2 mA plots nearly overlap. 

 

Figure 3. Photon noise spectral density at 100 K for laser currents of  
27.3 mA and 37.9 mA. 

The laser RIN is an important figure of merit, given by the expression RIN (db/Hz) = 10log (Sf / 
P2), where Sf is the photon white noise spectral density and P is the laser output power. The 
average Sf over the range 20 KHz–100 KHz is used to determine the RIN. The measured RIN at 
30 K and 100 K is shown in figure 4 as a function of I/Ith. The measured RIN data takes into 
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account the collection efficiency and the fact that light is collected from only one facet. At 30 K 
the measured RIN monotonically decreases from a value of –105 dB at threshold to around  
–162 dB for I/Ith > 5, in good qualitative agreement with the theoretical results (18) shown in 
figure 4. Over the range 1 ≤ I/Ith ≤ 3, the measured 30 K RIN approximately shows a 1/P2 
dependence in agreement with theoretical and experimental results (19, 25). Figure 4 shows that 
at 100 K, the measured RIN decreases from –112 dB at threshold to –152 dB at I/Ith = 1.6, and 
then increases to –134 dB at I/Ith = 2.9. The observed increase in the RIN, with increasing current 
over the range 1.6 < I/Ith < 3 at 100 K, disagrees with theoretical prediction. The mechanism for 
the observed increase in the IC laser 100 K RIN is not known, but the data clearly indicates that 
the increased cavity temperature induces an increase in photon fluctuations. For 1 < I/Ith < 2, the 
observed IC laser RIN at 30 K and 100 K is about 15 dB smaller than the QC laser RIN (25). For 
I/Ith > 4, the 30 K IC laser RIN is comparable to the 88 K QC laser RIN, while the 100 K IC laser 
RIN is about 15 dB higher than the 88 K QC laser RIN.     

At 30 K, figure 5 shows that the laser exhibits a white noise spectrum just below threshold at I = 
3.0 mA. At threshold, I = 3.14 mA, we observe striking large fluctuations at closely spaced 
discrete frequencies in the photon noise spectral density. We observe the same striking changes 
in the 100 K photon noise spectral density as the current is increased from below threshold at I = 
9.5 mA to I = Ith = 9.73 mA, shown in figure 6. Figures 1 and 2 show that the large fluctuations 
in the photon noise spectral density are not observed above threshold. The 30 K photon noise 
spectral density at threshold closely resembles that observed at 100 K. The frequencies at which 
the large photon fluctuation peaks are observed at 30 K are nearly identical to those observed at 
100 K, which suggests the possibility that the large low-frequency photon fluctuations observed 
at threshold may be correlated. 
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Figure 4. RIN as a function of laser current at 30 K and 100 K.  

The solid line shows theoretical RIN from reference 18.  

 

Figure 5. Photon noise spectral density at 30 K just below threshold (3.0 mA) and at  
threshold (3.14 mA).
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Figure 6. Photon noise spectral density at 100 K just below threshold (9.5 mA) and at  
threshold (9.73 mA). 

4. Conclusion 

In conclusion, we report the first cw measurements of the low-frequency IC laser photon noise 
and relative intensity noise as a function of laser current at 30 K and 100 K. Just below and 
above threshold, the IC laser primarily exhibits a frequency-independent photon noise spectral 
density in agreement with theory. At threshold, the observed photon noise spectral density 
exhibits large fluctuations at closely-spaced discrete frequencies. At 30 K, the dependence of the 
IC laser photon noise and the RIN on current qualitatively agrees with theory. Thermal effects at 
100 K result in a much larger increase in the photon noise, with increasing current than 
theoretically predicted and significant disagreement between the observed and theoretical 
dependence of the RIN on current. Further studies are needed to understand the observed thermal 
effects on IC laser photon noise, photon fluctuations at threshold, and the excess low-frequency 
photon noise.              

 



 
 

 8 

5. References 

1. Yang, R. Q. Superlattices and Microstructures 1995, 17, 77. 

2. Meyer, J. R.; Vurgaftman, I.; Yang, R. Q.; Ram-Mohan, L. R. Electron. Lett. 1996, 32, 45. 

3.  Vurgaftman, L.; Meyer, J. R.; Ram-Mohan, L. R. IEEE Photonics Tech. Lett. 1997, 9, 170.  

4. Faist, J.; Capasso, F.; Sivco, D. L.; Sirtori, C.; Hutchinson, A. L.; Cho, A. Y. Science 1994, 
264, 553. 

5. Faist, J.; Gmachl, C.; Capasso, F.; Sirtori, C.; Sivco, D. L.; Baillargeon, J. N.;Cho, A. Y. 
Appl. Phys. Lett. 1997, 70, 2670. 

6. Lin, C.-H.; Yang, R. Q.; Zhang, D.; Murry, S. J.; Pei, S. S.; Allerma, A. A.; Kurtz, S. R. 
Electron. Lett. 1997, 33, 598. 

7. Yang R. Q.; Yang, B. H.; Zhang, D.; Lin, C.-H.; Murry, S. J.; Wu, H.; Pei, S. S. Appl. Phys. 
Lett. 1997, 71, 2409. 

8. Felix, C. L.; Bewley, W. W.; Vurgaftman, I.; Meyer, J. R.; Zhang, D.; Lin, C.-H.; Yang, R. 
Q.; Pei, S. S. IEEE Photonics Technol. Lett. 1997, 9, 1433. 

9. Yang, B. H.; Zhang, D.; Yang, R. Q.; Lin, C.-H.; Murry, S. J.; Pei, S. S. Appl. Phys. Lett. 
1998, 72, 2220. 

10. Olafsen, L. J.; Aifer, E. H.; Vurgaftman, I.; Bewley, W. W.; Felix, C. L.; Meyer, J. R.; 
Zhang, D.; Lin, C.-H.; Pei, S. S. Appl. Phys. Lett. 1998, 72, 2370. 

11. Dupont, E.; McCaffrey, J. P.; Liu, H. C.; Buchanan, M.; Yang, R. Q.; Lin, C.-H.; Zhang, D.; 
Pei, S. S. Appl. Phys. Lett. 1998, 72, 1495. 

12. Yang, R. Q.; Bruno, J. D.; Bradshaw, J. L.; Pham, J. T.; Wortman, D.E. Electron. Lett. 2000, 
35, 1254; Physica E 7, 69. 

13.  Bradshaw, J. L.; Yang, R. Q.; Bruno, J. D.; Pham, J. T.; Wortman, D. E. Appl. Phys. Lett. 
1999, 75, 2362. 

14. Bruno, J. D.; Bradshaw, J. L.; Yang, R. Q.; Pham, J. T.; Wortman, D. E. Appl. Phys. Lett. 
2000, 76, 3167. 

15. Yang, R. Q.; Bradshaw, J. L.; Bruno, J. D.; Pham, J. T.; Wortman, D. E. IEEE J. Quantum 
Electron. 2002, 38, 559.  

16. Bradshaw, J. L.; Breznay, N. P.; Bruno, J. D.; Gomes, J. M.; Pham, J. T.; Towner, F. J.; 
Wortman, D. E.; Tober, R. L.; Monroy, C. J.; Olver, K. A. Physica 2004, E 20, 1386. 



 
 

 9 

17. Bruno, J. D.; Bradshaw, J. L.; Breznay, N. P.; Gomes, J.; Tober, R. L.; Tobin, M. S.; 
Towner, F. J. Proceedings SPIE 5617, 0277, 2004. 

18. Rana, F.; Ram, R. J. Phys. Rev. 2002, B 65, 125313-1; Appl. Phys. Lett. 2000, 76, 1083. 

19. Gensty, T.; Elsasser, W. Optics Commun. 2005, 256, 171. 

20. Lax, M. Phys. Rev. 1967, 157, 213.  

21. McCumber, D. E. Phys. Rev. 1966, 141, 306. 

22. Armstrong, J. A.; Smith, A. W. Phys. Rev. Lett. 1965, 14, 68. 

23. Hu, G.; Li, J.; Shi, Y.; Shi, J. Optics and Laser Tech. 2007, 39, 165. 

24. Ahmed, M.; Yamada, M.; Abdulrhmann, S. Fluctuation and noise Lett. 2001, 1, L163.   

25. Gensty, T.; Elsasser, W.; Mann, C. Opt. Express 2005, 13, 2032. 



 
 

 10 

List of Symbols, Abbreviations, and Acronyms 

AlSb Aluminum Antimonide 

AlInSb Aluminum Indium Antimonide 

cw constant wave 

DC direct current 

GaSb Gallium Antimonide 

IC Interband cascade 

InAs Indium Arsenide 

InSb Indium Antimonide 

IR Infrared 

QC Quantum cascade 

QW Quantum well 

RIN Relative intensity noise 



 
 

 11 

No. of 
Copies 
 

Organizaiton 

1 ADMNSTR 
ELECT DEFNS TECHL INFO CTR 

ATTN  DTIC OCP 
8725 JOHN J KINGMAN RD STE 0944 
FT BELVOIR VA 22060-6218 

 
1 DARPA 

ATTN  IXO  S  WELBY 
3701 N FAIRFAX DR 
ARLINGTON VA 22203-1714 

 
1 CD OFC OF THE SECY OF DEFNS 
 ATTN  ODDRE (R&AT 
 THE PENTAGON 
 WASHINGTON DC 20301-3080 
 
1 US ARMY RSRCH DEV AND ENGRG 

  CMND 
ARMAMENT RSRCH DEV AND ENGRG 
CTR 
ARMAMENT ENGRG AND TECHNLGY 
CTR 
ATTN  AMSRD AAR AEF T  J  MATTS 
BLDG 305 
ABERDEEN PROVING GROUND MD 

   21005-5001 
 
1 PM TIMS, PROFILER (MMS-P)  

 AN/TMQ-52 
 ATTN  B  GRIFFIES  
 BUILDING 563 
 FT MONMOUTH NJ 07703 
 
1 US ARMY INFO SYS ENGRG CMND 
 ATTN  AMSEL IE TD  A  RIVERA 
 FT HUACHUCA AZ 85613-5300 
 
1 COMMANDER 
 US ARMY RDECOM 
 ATTN  AMSRD AMR  W C  MCCORKLE 
 5400 FOWLER RD 
 REDSTONE ARSENAL AL 35898-5000 
 
1 US GOVERNMENT PRINT OFF 

DEPOSITORY RECEIVING SECTION 
 ATTN  MAIL STOP IDAD  J  TATE 
 732 NORTH CAPITOL ST NW 
 WASHINGTON DC 20402 
 

No. of 
Copies 
 

Organizaiton 

1 US ARMY RSRCH LAB 
 ATTN  RDRL CIM G  T  LANDFRIED 

BLDG 4600 
 ABERDEEN PROVING GROUND MD 

  21005-5066 
 
29 US ARMY RSRCH LAB 
 ATTN  IMNE ALC HRR MAIL & 

  RECORDS MGMT 
ATTN  RDRL CIM L TECHL LIB 
ATTN  RDRL CIM P TECHL PUB 
ATTN  RDRL SEE E  R  TOBER 
ATTN  RDRL SEE  G  WOOD  
ATTN  RDRL SEE I  B  ZANDI 
ATTN  RDRL SEE I  D  BEEKMAN 
ATTN  RDRL SEE I  F  SEMENDY 
ATTN  RDRL SEE I  G  BRILL 
ATTN  RDRL SEE I  J  BRADSHAW 
ATTN  RDRL SEE I  J  BRUNO 
ATTN  RDRL SEE I  J  LITTLE 
ATTN  RDRL SEE I  J  SUN 
ATTN  RDRL SEE I  K K  CHOI 
ATTN  RDRL SEE I  K  OLVER 
ATTN  RDRL SEE I  P  FOLKES 
 (3 COPIES) 
ATTN  RDRL SEE I  P  TAYLOR 
ATTN  RDRL SEE I  P  UPPAL 
ATTN  RDRL SEE I  S  SVENSSON  
ATTN  RDRL SEE I  U  LEE 
ATTN  RDRL SEE I  W  BECK 
ATTN  RDRL SEE I  W  SARNEY 
ATTN  RDRL SEE I  F   TOWNER 
ATTN  RDRL SEE I  K  SABLON-
RAMSEY 
ATTN  RDRL SEE I  J MOORE    
ATTN  RDRL SEE I  Y  CHEN 
ATTN  RDRL SEE  P  GILLESPIE 

 ADELPHI MD 20783-1197 
 
TOTAL: 38 (36 HCS, 1 CD, 1 ELECT) 



 
 

 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INTENTIONALLY LEFT BLANK. 
 


	List of Figures
	Acknowledgments
	Summary
	1. Introduction
	2. Experiment
	3. Results
	4. Conclusion
	5. References
	List of Symbols, Abbreviations, and Acronyms

