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Fifth Semi-Annual Progress Report (7/26/95-2/15/96) 

Project Title: The Development of Normal Incidence High Performance 

P-type Strained Layer InGaAs/AlGaAs Quantum Well 

Infrared Photo detectors 

Program Manager: Max N. Yoder, Office of Naval Research, Code 3140, Arlington, VA. 

Principal Investigator: Sheng S. Li, Professor, University of Florida, Gainesville, FL. 

Student: Jerome T. Chu 

Project Objective: 

The objective of this project is to perform theoretical and experimental studies of dark cur- 

rent, photocurrent, optical absorption, spectral responsivity, noise, and detectivity for the 

normal incidence strained layer p-type III-V semiconductor quantum well infrared photode- 

tectors (QWIPs) developed under this program. The material systems under investigation 

include InGaAs/InAlAs on InP substrates and GaAs/InGaAs or AlGaAs/InGaAs on GaAs 

substrates. The project will study the usage and effects of biaxial tension and compressional 

strain on the material systems and their effects towards photodetector design. 
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I. Introduction 

During the period of July 26, 1995 to February 15, 1996, significant progress has been 

made towards the design, fabrication, and characterization of new strained layer p-type 

GaAs/InGaAs on GaAs and InGaAs/AlGaAs on GaAs quantum-well infrared photodetectors 

(P-QWIPs) in the 8-14 /im range for staring focal plane arrays (FPAs). Specific tasks 

performed during this period include: (i) the design, fabrication, and characterization of 

the first p-type QWIP to utilize the step bound-to-miniband transition scheme with a peak 

detective wavelength at 10.4 //m and (ii) the modeling and characterization of the dark 

current of p-type QWIPs at low applied biases. The following sections of this report will 

cover the technical results of the study obtained during this reporting period and the research 

accomplishments and publications. A summary of the various types of p-QWIPs studied is 

listed at the end of this report in table 1. 

II. Technical Results 

2.1 Research Accomplishments and Publications 

1. The design, growth, fabrication, and characterization of a Be-doped compressively 

strained InGaAs/GaAs/AlGaAs p-QWIP on SI GaAs with a peak detection wave- 

length at 10.4 /mi, which utilizes the step bound-to-miniband transition scheme for 

photoexcited carrier transport. The observed peak responsivity at T=65 K and Vj,=3.0 

V was 28 mA/W. This device was BLIP limited when T<40 K with the correspond- 

ing bias of < \2V\. The calculated spectral detectivity at T=65 K and V=1.0 V was 

determined to be 1.4 xlO9 crny/Hz/W. 

2. The characterization of the dark current noise performance of a 7.4 //m peak p-type 

compressively strained-layer quantum well infrared photodetector between 101 and 10s 

Hz. A value of 2.6 x 10-13 cm2 was determined for the scattering cross section at 100 

K. 

3. The noise characterization of a p-type compressively strained QWIP with a detection 

peak at 9.2 fivsx at low applied biases.   Using this data, we were able to model the 
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dark current characteristics of the p-type QWIPs. Excellent agreement was obtained 

between the measured and calculated dark I-V characteristics. 

A. Journal Papers: 

1. Y. H. Wang, S. S. Li, and J. Chu and Pin Ho, "An Ultra-low Dark Current P- 

type Strained-layer InGaAs/InAlAs Quantum Well Infrared Photodetector with Back- 

ground Limited Performance (BLIP)" Appl. Phys. Letts, 64(4), 727 (1994). 

2. Y. H. Wang, S. S. Li, and J. Chu and Pin Ho, "A Normal Incidence P-type Com- 

pressive Strained-Layer InGaAs/GaAs Quantum Well Infrared Photodetector for Mid- 

Wavelength Infrared (MWIR) and Long-Wacelength Infrared (LWIR) Detection" J. 

Appl. Phys., 76(10), 6009 (1994). 

3. D. C. Wang, G. Bosman, and S. S. Li, "Noise Characterization and Device Parameter 

Extraction on a p-type Strained Layer Quantum Well Infrared Photodetector", to be 

published in J. Appl. Phys., February 1996. 

4. J. Chu, S. S. Li, and P. Ho, "A New Compressively Strained P-type Quantum Well 

Infrared Photodetector Using the Step Bound-to-miniband Detection Scheme", to be 

submitted to Appl. Phys. Lett., 1996. 

5. J. Chu, S. S. Li, and P. Ho, "A Study of Compressively Strained P-type Quantum Well 

Infrared Photodetectors", to be submitted to J. Appl. Phys., 1996. 

6. D. C. Wang, G. Bosman, and S. S. Li, "Current Conduction and Noise Characteristics 

of Quantum Well Infrared Photodetectors Under Low Bias Operation", Appl. Phys. 

Lett., accepted for publication, 1996. 

B. Conference Presentations: 

1. S. S. Li, J. Chu, and Y. H. Wang, "A Normal Incidence P-type Strained Layer In- 

GaAs/InAlAs Quantum Well Infrared Photodetector with Background Limited Per- 

formance at 77 K", presented at the 1994 SPIE symposium, Orlando, FL, April 4-8, 

1994. Full paper published in the conference proceedings. 
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2. Pin Ho, Y. H. Wang, S. S. Li, and J. Chu, "MBE Growth of P-type Strained-layer 

InGaAs/InAlAs QWIPs", presented at the 1994 14th North American Conference on 

Molecular-beam Epitaxy, Urbana-Champaign, IL, October 10-12, 1994. 

3. Y. H. Wang, J. Chu, S. S. Li, and Pin Ho, "A Normal Incidence P-type Compressive 

Strained-Layer InGaAs/GaAs Quantum Well Infrared Photodetector", 2nd. Interna- 

tional Conference on 2-20 ^m Wavelength Infrared Detectors and Arrays, Miami Beach, 

FL, October 9-14, 1994. Full paper published in the conference proceedings. 

4. S. S. Li, Y. H. Wang, and J. Chu, "A New Class of Normal Incidence Strained-Layer III- 

V Quantum Well Infrared Photodetectors", presented at the 1994 LEOS Conference, 

Boston, MA, October 31-November 3, 1994. Full paper published in the conference 

proceedings. 

5. J. Chu, Y. H. Wang, S. S. Li, and Pin Ho, "A New Compressively Strained In- 

GaAs/AlGaAs p-type Quantum Well Infrared Photodetector with Ultra-low Dark Cur- 

rent and Detective Peaks in the LWIR and MWIR Bands", presented at the 3rd. Inter- 

national Symposium on Long Wavelength Infrared Detectors and Arrays: Physics and 

Applications, Chicago, IL, October 9-11, 1995. Full paper published in the conference 

proceedings. 

6. J. Chu, S. S. Li, S. Y. Yen, A. Chin, and K. M. Chang, "Investigation of Si-doped p-type 

GaAs/AlGaAs and Strained-layer InGaAs/AlGaAs Quantum Well Infrared Photode- 

tectors grown on (311) GaAs for Mid- and Long-Wavelength IR Detection", presented 

at the 3rd. International Symposium on Long Wavelength Infrared Detectors and 

Arrays: Physics and Applications, Chicago, IL, October 9-11, 1995. 

7. D. Wang, G. Bosman, S. S. Li, and J. Chu, "Noise Performance of p-type Strained 

Layer Quantum Well Infrared Photodetectors", presented at the 3rd. International 

Symposium on Long Wavelength Infrared Detectors and Arrays: Physics and Applica- 

tions, Chicago, IL, October 9-11, 1995. Full paper published in conference proceedings. 

8. S. S. Li, J. Chu, and Y. H. Wang, "P-type Strained-layer III-V Quantum Well Infrared 

Photodetectors for Long-wavelength Infrared Focal Plane Array Applications", invited 

paper, presented at the Int.   Conf.   on Intersubband Transitions in Quantum Wells 
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(ITQW '95), Kibbutz Ginosar, Isreal, Oct. 23-26, 1995.  Full paper published in the 

conference proceedings. 

2.2 P-QWIP Operation and Design Theory 

With the advent of molecular beam expitaxial technologies in the last few decades, 

device structures utilizing heterostructure quantum wells have been heavily explored. N- 

type quantum well infrared photodetectors (QWIPs) have been extensively studied in recent 

years1-2'28. These systems use GaAs/AlGaAs and InGaAs/InAlAs structures for detection 

in the 3 - 5 /an mid-wavelength infrared (MWIR) and 8 - 14 /mi LWIR atmospheric trans- 

mission windows. Since n-type GaAs/InGaAs and InGaAs/InAlAs QWIPs have inherently 

low electron effective masses and high electron mobilities, they offer excellent infrared (IR) 

detection properties. Due to the quantum mechanical selection rules which prohibit normal 

incidence intersubband absorption, focal plane arrays (FPA) using n-type QWIPs must use 

either metal or dielectric gratings to couple normal incidence IR radiation into the quantum 

well2-4. In contrast, because of the mixing between the light hole and heavy hole states 

under either biaxial tension or compressive strain, normal incidence illumination is allowed 

for the intersubband transition in p-type QWIPs; thus eliminating the need for metal or 

dielectric grating couplers. 

2.2.1 P-QWIP Physics 

2.2.1.1 Strained Layer Growth Limitations and Theory 

P-type QWIPs using valence intersubband transitions have been demonstrated5-7 in 

lattice-matched GaAs/AlGaAs and InGaAs/InAlAs material systems. In general, intersub- 

band transitions excited by normal incidence radiation in p-type quantum wells are allowed 

since a linear combination of p-like valence band Bloch states exists, which provides a nonzero 

coupling between the normal radiation field and valence band Bloch states. The strong 

mixing between the heavy hole and the light hole states greatly enhances intersubband ab- 

sorption. The drawback of using lattice-matched systems is the fact that the intersubband 

transition occurs between the heavy hole ground states and the upper excited states. Be- 

cause of the relatively large heavy hole effective mass when compared to the electron effective 



mass, relatively weak absorption and therefore similarly low responsivity is predicted in the 

IR wavelength range when compared to n-type QWIPs. In order to increase the absorption 

characterisitics and responsivity of P-QWIPs, biaxial stress is introduced into the well layers 

of the QWIP structure. If the intentionally introduced biaxial stress between the well layers 

and the barrier layers contained in the layer thickness (the total thickness of the wells and 

barriers) in the P-QWIP structure is less than the critical thickness, then pseudomorphic 

or coherent heterointerfaces can be grown without the introduction of defects between the 

layers. Based upon the force balance model8'29-30, the equilibrium critical layer thickness, 

Lc, for an epilayer with the lattice constant, a, grown on a substrate with a lattice constant, 

as, is given as 

\y/260) 8TT(1 +1/) cos a L v       '  }\ ' K) 

where h is the epilayer thickness, 0 is the angle between the dislocation line and the Burges' 

vector, a is the angle between the slip direction and the layer plane direction, 80 is the 

lattice-mismatch or the in-plane strain, and v is the Poisson ratio. 80 is defined as 80 = (aa - 

a) I a where 80 > 0 for tensile strain and 80 < 0 for compressive strain. Similarly, v is defined 

as v = -C12/C11. C,/s are the elastic constants and can be found in reference 9. 

The strained-layers have the same effective in-plane lattice constant, ay (i.e., a^), and 

can store the excess energy due to the elastic strain within the layers. The in-plane lattice 

constant, a||, can be expressed by8 

an = ai 
1+*(1 + ffi 

(2) 

where a1>2 and L1>2 are the individual layer lattice constants and thicknesses, respectively, 

and £1>2 are the shear moduli as described by £ = (Cn + C12 - 2C2
2/Cn), where the Q/s 

are elastic constants for the strained material. 80 denotes the lattice mismatch between 

layers and ai)2 are the lattice constants of the strained well and the substrate (or barrier) 

respectively. When ay ^ as, the coherently strained superlattice structure is no longer in 

equilibrium with the substrate. If the lattice constant of the barrier layers is equal to that 

of the substrate, the strain will be completely accomodated in the well layers with no strain 

in the barrier layers. However, Hull et al.22 showed that if the individual layer thickness in 

the superlattice is less than its critical thickness, even though a|| ^ as, the loss of coherence 

only occurs at the interface between the whole superlattice and the substrate, while the 
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superlattice itself remains coherent. 

2.2.1.2 Strain Induced Energy Band Shifts 

If the QWIP structure is grown along the [100] direction and the strained-layer is within 

the critical thickness, Lc, then a pseudomorphic or coherent heterointerface can be obtained 

and the components of the strain tensor [e] are simplified to the expressions given by 

&xx    —      yy —   II \  / 

6-    =    "'"(if) (4) 
&xy    =    &yz — ^zx — ^* \^J 

In addition to altering the physical parameters of the QWIP, lattice strain can also 

induce energy band shifts, which can be used to alter the absorption characteristics of the 

QWIP. The strain induced energy band shifts for the conduction band, the heavy hole 

subband, and light hole subband can be approximated as follows. 

AEC   =   2c°±^80 (6) 

AEhh   =   b^±^80 (7) 
On 

AElh   =   -AEhh+
{-^- (8) 

where ci is the combined hydrostatic deformation potential which characterizes the splitting 

of the Tg valence band under strain, and b is the shear deformation potential, and A0 is the 

spin orbit split-off energy9.  The total hydrostatic deformation potential (ci + V„), where 

V„ is the valence band deformation potential, can be expressed by10 

1 dE° 
ci + Vv = --(Cu + 2C12)-^f, (9) 

where dE°/dP is the unstrained energy bandgap change with respect to the unit pressure. 

The effect of strain on the energy band structure results in the splitting of the heavy 

hole and light hole band at the valence band zone center11 (i.e., the in-plane wavevector ky 

= 0), which is degenerate in the unstrained case. When tensile strain is applied between 

the quantum well and the barrier layers12-14 along the superlattice growth z-direction, the 

strain can push the light hole levels upwards and pull the heavy hole levels downwards. We 
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can therefore expect that heavy hole and light hole states are inverted at specific lattice 

strains and quantum well thicknesses. This phenomena will in turn cause the intersubband 

transitions in a QWIP structure to take place from the populated light hole ground state to 

the upper energy band states. Since the light hole has a small effective mass (comparable 

to the electron effective mass), the optical absorption and spectral responsivity in p-type 

QWIPs can be greatly enhanced, as a result of introducing strain in the quantum well. In 

addition to the utilization of the light hole states for their small effective masses, etc., certain 

heavy hole states under compressional strain may also have similar characteristics, like high 

mobilities, small effective masses, and long mean free paths; which in turn favorably alter 

the intersubband absorption and transport characteristics, as shown by Hirose, et al.31. This 

is achieved by distorting the heavy hole valence band at and near the zone center via the 

introduction of compressional strain. 

2.2.1.3 Energy Band Calculations 

To calculate the locations of the energy subbands, we can use the transfer matrix method 

(TMM)13'15, based on the eight-band k • p model. This model is represented by the Luttinger- 

Kohn Hamiltonian16-17, Ht, which describes the unstrained semiconductor. 

Ht = H + V(z) (10) 

where 

with: 

# = 

#11 H12 #13 #14 

#21 #22 #23 #24 

#31 #32 #33 #34 

#41 #42 #43 #44 

(11) 

#21 = #12' 

#34 = #12' 

#22 = *?*(% + Kl) + afajb» 

#12 = iV3l3(kx - iky)kz 

His = *&{*?. - kl) - iyfilzkxky 

#13 = #31' 

#42 = #13' 

#24 = #13 

#43 = #v 12 



#14 = #23 = #32 = #41 = 0 

and V(z) is a step function where V(z) vanishes inside the well layers and equals V0 in the 

barrier layers. The effect of strain is included by adding the Pikus-Bir Hamiltonian18, Hs, to 

the general Luttinger-Kohn Hamiltonian. As shown below, the strain Hamiltonian for the 

well material is a diagonal matrix. 

H.= 

-AEc-AEhh 0 0 0 

0 -AEc + AEhh 0 0 

0 0 -AEC + AEHH 0 

0 0 0 AEc + AEhh 

(12) 

Using the aforementioned techniques, we can numerically calculate the energy of the zone- 

center valence subband levels as a function of well width for any material system under tensile 

or compressional strain and also determine the change in the valence subband structures. 

All of the previously described calculations are derived from the multiband effective 

mass k • p model for a coherently strained structure, which is based upon the perturbation 

approximation. In the k • p model, the interactions of S-P type coupling among conduction 

(C), light-hole (LH), heavy-hole (HH), and spin-orbit (SO) states combined with spin-orbit 

like coupling are taking into consideration to derive the band structures. This results in 

an 8x8 k • p Hamiltonian and momentum matrix elements. Using the pertubation approx- 

imation, a set of wave functions of Si/2: |l/2,±l/2 >c; P3/2: |3/2,±3/2 >, |3/2,±l/2 >; 

and P1/2: 11/2, ±1/2 > are used to represent the unperturbed and unstrained basis in the 

|«7, rrij > presention23. rrij = ±1/2 represents either the electron or LH states, while rrij = 

±3/2 denotes the HH or heavy particle states. A slightly simplified 6x6 k • p Hamiltonian 

can be used to roughly predict the P-like properties of the coherently strained layers by con- 

sidering the S-like conduction band states as a pertubation, if a large enough bandgap exists, 

like in InGaAs and GaAs layers. The wave functions of the coherently strained superlattice 

at the zone center (k=0) are given by24 

|3/2,±3/2>    HHstates (13) 

7|3/2,±l/2>+   /3|l/2,±l/2>   LHstates (14) 

-/3|3/2,±l/2>+   7|l/2,±l/2>   SOstates (15) 



where 7 and ß are constants which are dependent on the strain parameters. Note that the 

heavy-hole states, |3/2, ±3/2 >, are still decoupled from the other valence band states even 

under biaxial stress at the zone center, while the light-hole and spin-orbit split off states 

are coupled at k=0. However, the HH, LH, and SO states are mixed25'26 in the coherently 

strained superlattice at off zone center (k^O). This mixing between the states with different 

mj's is due to the boundary conditions across the interface of the quantum well layers. By 

examining the k • p matrix, we can see that the interaction between the different rrij states 

is proportional to the transverse components of the wave vector, kX)J,, so that the HH states 

are decoupled when kXil/=0. It is interesting to note that the kX)J,'s are conserved across 

the interfaces since the interface potential depends only on z, the quantum well growth 

direction. Thus the band mixing can be significant if the T-bandgap is small, e.g., with 

GaAs and InGaAs, and if the LH and SO bands involved in the transition have a large kz 

value25. 

Since the heavy hole and light hole valence subbands are non-degenerate following the 

introduction of strain into the QWIP structure, a simpler method can be used to determine 

the energies of the subbands. By using the parabolic band approximation near the valence 

band zone-center, and the energy band shifts for the conduction band minimum, heavy hole 

subband maximum, and light hole subband maximum, we can utilize the simpler two-band 

Hamiltonian for electrons just by finding the effective mass of the carriers (i.e., heavy-hole 

effective mass and light-hole effective mass) and the barrier heights for each carrier type. 

Although this does not simultaneously determine the energy levels of both carriers, it does 

allow accurate predictions of the energy subbands. When compared to the direct calculation 

of the energy subbands, the two-band approximation yields accurate results when compared 

to the direct calculation results13'18. One limitation of the TMM is that this method cannot 

calculate the energy levels of the allowed energy subbands in the continuum states. In order 

to determine the transition energy from the ground state to the continuous state, we used 

the Kronig-Penney model to determine the locations of the allowed energy bands in the 

continuum states. 

When a biaxial internal tension is applied to the well material, the strain pulls the LH 

subbands up with respect to the HH subbands for a given well thickness. While quantum 

confinement effects tend to push the LH subbands down with respect to the HH subbands. 
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As the well width is increased above a certain value, the strain effect can overcome the 

quantum confinement effect and therefore induce the inversion of the heavy hole and light 

hole subbands at the ground state. In contrast, with the application of compressional strain 

on the well layers, the strain forces the LH subbands down with respect to the HH subbands 

for a given well thickness. 

2.2.1.4 The Transfer Matrix Method for the Calculation of Transmission Probability 

The transfer matrix method (TMM) 33 allows the calculation of the transmission prob- 

ability through a superlattice. Like any typical quantum mechanical barrier or well, the 

carrier conduction in each layer of the superlattice consists of the superposition of two com- 

ponents propagating forwards and backwards. The complete wave fuction can be expressed 

as 

fa = tfe
+ikie-Ai + tß-e~kie+Ai (16) 

where 

Ai   =   A2 = 0 

A,-   =   ki(d2 + d3 + '-- + di 

i   =   3,4,---,iV 

k   = 2m? 
HE-Ei) 

1/2 

h2 

where i}>f and tl>~ represent the magnitudes of the wave functions propagating in the forward, 

or +z direction and the backwards, or — z direction, respectively. While N is the number of 

periods in the superlattice, d> is the thickness of the i-th layer in the superlattice, m* is the 

effective mass of the particle in the i-th superlattice layer, and Ei is the potential energy of 

the i-th layer. Since the wave function, ip, and it's derivative, dip/dz, are continuous at the 

boundaries, the wave functions then become 

tf = (e-iSi4>t+i + r,e-'Sf+1)A,' (17) 

VT = (rtc^i-i + ^w)/*i. (18) 

The recurrence relationship of the wave functions can be written in matrix form as 

# | = I [  e~iSi   rie~iSi ] [ ^ii (19) 
+i 

-11 



where at normal incidence 
ki — fc,+i „    , 

Ti = TO (20) 

*=Frb (21) 

and 

Si = kdi. (22) 

Which gives us the following form for determining the N + 1-th wave functions 

. .-*(;)-"(;)-«■■*(£:)• « 
where 

1  /   e~iSi    rie-Si \ 

Since there is no backwards, or in the — z direction, propagation in the N + 1-th layer, 

the magnitude of the wave function ^+1 = 0. Thus we can find the ipf term of Ef, in the ■ 

i-th. layer (i = 2, 3, 4, • • •, JV + 1). 

If we determine the quantity, V'Z/V'i"» as a function of Ei, then we will know the locations 

of the resonant peaks. The transmission probability can be expressed as 

\T-T\ 
tt 

(25) 

2.2.1.5 Determination of Intersubband Transitions and Absorption Coefficients 

In addition to the energy level and energy band locations, the calculation of inter- 

subband and interband transitions are also of great interest. In order to determine the 

intersubband and interband transitions in a p-type strained layer QWIP, the usage of the 

6x6 Hamiltonian which includes the previously mentioned k • p Hamiltonian16-17'24 and the 

strain Hamiltonian18. Since the strain and the spin-orbit coupling terms do not lift the spin 

degeneracy, the 6x6 Hamiltonian matrix can then be factorized into two 3x3 irreducible 

matrices. The assumption that the Fermi distribution function is equal to one for the con- 

fined ground state and equal to zero for the excited states in equilibrium is used to simplify 
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the calculation without loss of accuracy. The absorption coefficient for the intersubband or 

interband transition between the initial ground state, i, and the final continuum state, /, is 

given by27 

a. :,H = y>   47T2e2     r     2£ 
2y nrcm2

0u> ]BZ (2?r 
2dk 

)3L 
(fi-ffW-Pi,f? 

r/27T 

[AuCkj-M' + CrWJ 
(26) 

where nr is the refractive index in the quantum well, m0 is the-free electron mass, A,j is 

the energy difference between the initial ground state, i, of energy -E,(k) and the final state, 

/, with the corresponding energy of -Ey(k). e and u> are the unit polarization vector and 

the frequency of the incident IR radiation, respectively, /,■ and // are the Fermi distribution 

functions of the initial and final states, and T is the full width of level broadening. T ~ Ä/r»7» 

where r,/ is the lifetime between the initial, i, and final, /, states. |e • P»,/| are the optical 

transition elements between the quantum well valence subband ground states, i, and the 

continuum subband states, /, in the HH, LH, and SO bands; which can be derived from the 

two 3x3 k • p matrix elements as shown below. 

Using the following 3x3 optical matrix, 

m0 

T 
THH THL THS 

TLH TLL TLS 

TSH   TSL   Tss 

(27) 

the optical matrix elements, |e • Pj,/|, can be obtained. These matrix elements have the 

same form as the k • p matrix elements except that the kikfs are replaced with &,-€,- + kjti 

multiplied by a constant factor of m0/h.27 The Tjj's are defined as follows: 

THH   =   2(A-B)e2kz + (2A + B)(exkx + eyky), 

TLL   =   2(A + B)ezkz + (2A-B)(exkx + eyky), 

Tss   =   2A(txkx + tyky + tzkz) 

THL   =   i—/=N(ex cos r] — ey sin rf)kz — i-Nezk\\ 
v3 3 

-y/3B(txkx - cyky) cos x 

H—j=N(exky + eykx) sin x, 
v3 

THS   =   ~7^N(6^ cos V + ev sin v)kz + r JVe»fc|| 

(28) 

(29) 

(30) 

(31) 
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TLS   = 

+iy/EB(exkx - eyky) cos x 
2 

—~MN(<txky + Cykx^sinx' (32) 

i2\/2Btz + -y=Nex cos(x -T))-ey sin(x - f?) h 

-i\/2B(exkx + tyky) 

--^^e^||Cos(x-27/), (33) 

TSH   =   Tug, (34) 

TSL   =   7L5, (35) 

Tin   =   %• (36) 

Here A, B, N, \i V are inverse mass band parameters.27 

2.2.1.6 Photo conductive Detection Mode Operation 

When IR radiation impinges on a photoconductor, the photoconductive material un- 

dergoes a physical change characterized by a change in resistance, ARd- This change in 

resistance is due to the photo-excitation of carriers, forming mobile excess carriers in the 

photoconductor. The excess photogenerated carriers, An, can be expressed as 

An = ^ (37) 

where, rj, is the quantum efficiency, A$ is the incident photon flux, T£ is the excess carrier 

lifetime, and Vd is the volume of the detector. These photogenerated carriers are transported 

out of the detector under the influence of the applied external bias, which results in a 

photovoltage signal. The change in the output photovoltage, AV0, due to the resistance 

change is given by 

where RL is the load resistance and its value is typically chosen to be about equal to Rd, the 

detector resistance, to match loads and to optimize the output signal. 

2.2.2 P-QWIP Figures of Merit 

Although our band structure and absorption calculations can be used to determine the 

positions of the subbands in the quantum wells, and hence determine the peak absorption 
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wavelength of the QWIP, many other factors must be taken into account to design a QWIP 

with the correct detection peak. Generally, for a high-performance QWIP, the responsivity 

must be high, while the noise current, and hence the dark current, must be low. 

2.2.2.1 Spectral Responsivity 

The responsivity, R, for a photodetector may be expressed as19 

* = &'&- ™ 
where q is the electronic charge, A is the wavelength of the incident photon, h is the Planck 

constant, c is the speed of light, T) is the quantum efficiency, TJC is the collection efficiency, 

v is the incident frequency, and the photoconductive gain is G. The quantum efficiency and 

photoconductive gain are described, respectively, by19 

j? = A (1 - R) [1 - exp (-Baltw)] (40) 

G = j (41) 

where A is a constant that is polarization dependent, a is the absorption coefficient of the 

quantum well, lqw is the total width of all quantum well regions, L is the mean free path 

of the carrier, R is the reflection coefficient, and tc is the total width of all quantum well 

and barrier regions. B is a constant dependent on the number of passes IR radiation makes 

through the photodetector. For n-type QWIPs, .4=0.5, while for p-type QWIPs A=\. The 

mean free path of the carrier may be expressed as19 

L = TTiWficffS, (42) 

where r is the well recapture lifetime of the carrier, Tqw is the transmission coefficient over 

the quantum well, ^e// is the effective mobility of the carrier, and £ is the electric field. The 

effective mobility for a two-band transport model is shown to be19 

Aplhfiih + Apulia 

""' =    A» + 4«.    ' (43) 

where Aphh and Apik are the concentrations of optically induced heavy- and light- hole 

carriers, respectively, and fihh and ßih are the respective heavy and light hole mobilities. 

When only the ground state is completely occupied, either Apik or Aphh, the optically 
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induced light holes or the optically induced heavy holes dominate, so that we may estimate 

fj,eff as the in-plane effective mass of the ground state carriers. 

2.2.2.2 QWIP Collection Efficiency 

A figure of merit that can be easily quantified by simple measurements is the collection 

efficiency, TJC. The collection efficiency describes the ease in which the energy from the 

incident photon flux is converted into mobile carriers which are swept out of the QWIP by 

the applied bias and collected; and is defined as the product of the quantum efficiency, rj, 

and the photoconductive gain, G. 

Vc = r}G (44) 

In addition to being expressed as the mean free path over the total width of the quantum 

wells and barriers, G can be viewed as the ratio of the carrier transport lifetime, 7£, to the 

transit time, ry, through the QWIP. Empirically, the photoconductive gain can be described 

in terms of the capture or trapping probability, pc,
34-36 

G=JWi+ft)' (45) 

and N is the number of wells. If pc is small, then G can be approximated as, G ~ l/Npc. 

Physically, the trapping probability is defined as the ratio of the escape time from the 

well region to the lifetime of the excited carriers from the confined ground state. If the 

excited states are in resonance with the top of the barrier potential energy, then the escape 

time will be greatly reduced, which theoretically minimizes the trapping probability and 

maximizes the photoconductive gain. Therefore in all of our designs, we attempted to make 

the energy of the upper excited peak for the main detective peak in resonance with the top 

of the barrier potential energy. 

If Balqw •< 1 and pc •< 1, an approximate expression for r\c can be written as 

Vc   =   A(l-R)[l-exp(-Balqw)}^-^ (46) 

~M1-K>*fc. (47) 

where B is a constant dependent on the number of passes the IR radiation makes through 

the photodetector, A is a polarization dependent variable equal to 0.5 for n-type QWIPs 

- 16 



and 1 for p-QWIPs, R is the reflection coefficient, lqw is the total width of all quantum well 

regions, and or is the absorption coefficient. 

2.2.2.3 Dark Current Relationship in a QWIP 

Another important parameter to be considered in a QWIP design is the dark current 

density («/«*), which can be expressed using the Richardson-Dushman equation14 as 

.      (-AE\ 
1 £XP {-hTj ' Ji ex Tzm*exp I — ) , (48) 

where m* is the effective mass, AE is the difference in energy between the barrier height 

and the quantum confined state in the well, kB is the Boltzmann constant, and T is the 

temperature. This type of expression assumes that the dominant source of dark current is 

thermionic emisson over the quantum well barrier. 

In the low-field regime, the thermionic emission current is related to the density of 

mobile carriers, nt and the average drift velocity, u<*, and can be expressed as37 

Ith = eAdvdnt, (49) 

where Ad is the active detector area, e is the electronic charge, and 

«<     =      , -        ■     xail/2. (50) 

fie 

[1 + Mv.f]1 

nt   =   (mmkbT/wh2L)ex?[-(Ecf-EF)/kBT]. (51) 

In the above equations, fi is the mobility, e is the electric field, vs is the saturation veloc- 

ity, Ecf is the cut-off energy related to the cut-off wavelength Ac, and m* /irfi2 is the two- 

dimensional density of states. The Fermi energy, Ep, can be obtained from the expression 

ofiVß: 

EF — En m*kBT y^ 

n 

1 -f exp e (52) 
kBT    , 

2rE(^-£»)- (53) whÄL n 

Equation (52) for ND is valid when summed over the subband levels En below the Fermi 

level, and Eq. (53) is only valid at cryogenic temperatures. 
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Using the previous result in the cryogenic temperature regime, we see that the dark 

current due to thermionic emission is exponentially dependent on the doping concentration 

in the quantum well, i.e., 

Ith oc exp(^-y) oc exP( JT|T)- (54) 

Therefore, as the doping density in the quantum well increases, the dark current density due 

to thermionic emission also increases exponentially. In contrast to this, the intersubband 

absorption is directly proportional to the doping concentration. Therefore, a tradeoff between 

the dark current density and the intersubband absorption is required to optimize the QWIP 

performance. However, in the case of p-QWIPs, the Fermi level in the quantum well is 

pinned at or slightly above the ground state energy for highly doped quantum wells. We can 

increase the doping in the quantum well to increase optical absorption without increasing 

the dark current of the p-QWIP significantly because the thermionic emission pinned with 

the Fermi level. 

2.2.2.4 Noise in QWIPs 

The noise in QWIP structures is mainly due to random fluctuations of thermally excited 

carriers. The noise is expressed as5 

i»oi« = yfjÄ^qGÄfTi, (55) 

where Ad is the detector area, and Af is the bandwidth. Finally, a figure of merit measure- 

ment used to compare detectors is the detectivity, D*, which is shown to be19 

D* = yfÄd~Äf^-. (56) 
'•noise 

If the dark current in a particular QWIP is lower than the 300 K background photocur- 

rent, then the QWIP can be considered to be under background limited performance (BLIP). 

In a BLIP QWIP, the dominant current is due to photon noise, since all the other sources 

are negligible by comparison. The photon noise is calculated from the arrival statistics of 

the incoherent photons. The background photon noise current, inp, is given by20'21 

i2np = AAq2
Vg2PbBf/(hu), (57) 

where Pj is the incident background optical power, Bj is the QWIP bandwidth, 77 is the 

absorption quantum efficiency, v is the incident photon frequency, and g is the noise current 
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gain. The photocurrent, 7,, can be approximated by 

Ip = A(q/hv)r)gPa, (58) 

where P, is the incident optical signal power. The constant, A, in Eqs. (46), (47), (57), 

and (58), is due to the polarization selectivity for n-type QWIPs versus p-type QWIPs. As 

previously stated, for n-type QWIPs, A = 0.5, while A = 1 for p-type QWIPs. By setting 

the signal-to-noise power ratio equal to unity, the background limited noise equivalent power, 

(NEP)BLTP and the detectivity, DBLIP, for n-type QWIPs can be expressed as 

(NEP)BLIP = 2y/2huBPb/V. (59) 

V^/IWW^g1", (60) 
where Ad is the active area of the detector, and Qj = Pi/(Ahv) is the incident photon flux 

from the background for a given spectral bandwidth, Av, and a peak wavelength, \p. Qb is 

defined as 

where, 6, is the field of view (FOV). For a p-type QWIP, a factor of y/2 is used in the 

denominator of Eq. (60), DBLIP, since it can absorb both optical polarizations of the incident 

IR radiation. 

2.3 Characterization of Strained Layer P-QWIPs* 

2.3.1 A New p-type InGaAs/GaAs/AlGaAs SBTM QWIP at 10.4 //m 

A new compressively strained-layer (CSL) p-type QWIP with a detective peak at 10.4 

/on based on the InGaAs/GaAs/AlGaAs material system was designed, fabricated, and 

characterized. The new p-QWIP uses the step-bound-to-miniband (SBTM) intersubband 

transition as the basis for infrared detection. With this structure, we have again demon- 

strated the flexibility of the compressively strained p-type QWIP system. This structure 

exhibits the longest peak wavelength and corresponding cut-off wavelength (>13 fivo) of any 

of the p-type QWIPs previously studied, in addition to exhibiting excellent uniformity from 

device to device. 
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As illustrated in figure 1, the transition scheme for this p-QWIP is from the ground 

bound heavy hole state (HH1) to the third excited heavy hole state (HH4), which is in 

resonance with the miniband formed by the GaAs/Alo.35Gao.6sAs superlattice (SL) barriers. 

This structure creates a potential difference between the SL barriers and the quantum well 

which blocks part of the undesirable dark current from the heavily doped ground state in 

the wide Ino.12Gao.8sAs quantum well [41]. The physical parameters described later were 

chosen so that the ground state in the wide InGaAs quantum well is well above the top 

of the GaAs/AlGaAs SL barrier, and the third excited heavy-hole state (HH4) is resonant 

with the ground level of the superlattice miniband (SL1) so that a large quantum well width 

is maintained for high quantum efficiency, although the absorption coefficient is sacrificed. 

Along the miniband, the photoexcited holes can easily tunnel due to the large overlap of 

allowed states in the superlattice barrier at the correct energy, thus transporting through 

the superlattice barriers until the hole is reabsorbed into a quantum well or collected by the 

ohmic contacts. The calculated transmission coefficient versus energy is shown in figure 2. 

The p-type SBTM CSL-QWIP was grown on a (100) S.I. GaAs substrate by molec- 

ular beam epitaxy. It is made up of 90 A thick quantum wells Be-doped to a density of 

3xl018 cm-3, which populates the ground heavy-hole states (HH1). The quantum well layer 

is compressively strained with a lattice mismatch of -0.8%. Surrounding the quantum well 

layers are the superlattice barriers which consist of 20 A thick superlattice barriers of un- 

doped Alo.35Gao.65As alternating with 27 A thick undoped GaAs superlattice wells. The 

complete superlattice barrier is then made from ten periods of the alternating superlattice 

barrier/well structure, which is lattice matched to the GaAs substrate. The whole superlat- 

tice barrier/quantum well formations are then repeated 20 times to create the active layers 

of the p-type SBTM CSL-QWIP. Ohmic contacts are formed from a 0.5 fim thick GaAs 

cap layer and a 1.0 fan thick GaAs buffer layer, which are heavily Be-doped to 5xl018 

cm-3 and are grown on top of the QWIP stack and between the QWIP stack and substrate, 

respectively. The complete layer structure is given in figure 3. 

To facilitate the characterization of the p-QWIP, a 216x216 /1m2 mesa was etched onto 

the wafer by wet chemical etching. After patterning with a contact photomask, a thin film of 

120 Ä of Cr was deposited by e-beam evaporation. This layer was topped off by a 1000 Ä thick 

layer of Au to form both the top and bottom ohmic contacts. The top ohmic contact consists 
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of a ring-like struture around the edge of the mesa with a 50 x 50 fxra2 contact pad for electrical 

connection. In this type of contact formation, the normal incidence radiation is only allowed 

one pass through the QWIP layers; which limits the effective quantum efficiency, especially 

when compared with those backside illuminated, thinned QWIPs which take advantage of a 

reflective top layer and waveguide structure to increase the number of times the incident IR 

radiation passes through the SBTM QWIP. 

Device characterization was performed in a closed cycle helium cryogenic dewar. A HP 

4145B semiconductor parameter analyzer was used to measure the dark I-V characteristics 

and the 300 K background photocurrent. Under dark conditions, holes can be transfered out 

of the quantum wells and produce the thermally generated carriers by two main mechanisms- 

thermionic emission out of the quantum wells and thermally generated carriers tunneling 

through the superlattice barriers. Given the high aluminum content in the superlattice 

barriers (Al fraction is 0.35), a considerable indium content in the quantum well (In fraction 

is 0.12), and the effect of the compressive strain lowering the energy of the heavy hole states 

in the quantum well regions, the effective barrier seen by the ground heavy-hole states is 299 

meV; which should suppress thermionic emission out of the quantum wells. Because of the 

heavily doped ohmic contact regions, a large triangle potential is formed which should lower 

(or thin) the barrier to thermionically assisted tunneling and thus gives rise to a higher than 

expected dark I-V characteristics. Future designs will take this into account and compensate 

for the large triangle potential. 

Figure 4 shows the measured dark I-V characteristic with the 300 K background pho- 

tocurrent superimposed. When compared with a similar n-type SBTM QWIP [41], the dark 

current is much higher. As previously mentioned, the high dark current of this p-QWIP 

is attributed to the triangle potential formed by the heavily doped ohmic contact, which 

contributes a large tunneling current component to the dark current. 

The measured long-wavelength photoresponse for the p-type SBTM CSL-QWIP is 

shown in figure 5. A single peak was found at Ap = 10.4 /xm, which is in excellent agreement 

with the theoretically calculated value of 10 fim. With a long wavelength cut-off, Ac > 13 

(im, and a half-peak value at 12 ^m, we determined the spectral bandwidth to be, AA/AP = 

20 %. This narrow responsivity bandwidth is consistent with that expected from a bound- 

to-miniband transition scheme. The maximum responsivity of 28 mA/W was found at T=65 
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K and V&=+3.0 V, as seen in figure 6, the responsivity versus bias curve. As seen in the 

T=40 K curve, the gain of the p-type SBTM CSL-QWIP has not saturated at V=5.0 V. The 

apparent saturation of the photoresponse of the T=65 K curve is due to the limitations of 

our amplifiers. At T=65 K, the noise spectral density was estimated as 4.0 x 10"26 A2/Hz 

at a bias of 1.0 V. Corresponding to this operating point, the measured responsivity at 10.4 

^m was 13 mA/W. Using the above data, the spectral detectivity was determined to be D* 

= 1.4 x 109 cm\/Hz~/W. 

2.3.2 Noise Performance of a p-type Strained-layer QWIPs 

The noise performance of the 7.4 (im peak ultra-low dark current p-QWIP was exten- 

sively studied during this reporting period. The performance specifications of this p-QWIP 

are summarized in Table 1 and are explained in detail in the previous report. 

Measurements were carried out using standard noise measurement procedures [38]. A 

Brookdeal 5004 low noise amplifier (LNA) which has an input referred current noise, S{n « 

4 x 10~27A2/Hz, was used to amplify the signal generated by the device. Since this detector 

exhibits very low current noise and high dynamic resistance, we were limited by the amplifier 

current noise. The spectral density of the output of the LNA was measured using a HP 

3561A spectrum analyzer. The device was placed in a nitrogen flow cryostat which allows 

for temperature variation between 80 K and room temperature. The cryostat also acted as 

an external noise shield. 

Figure 7 shows the noise spectra measured from 10 Hz to 100 kHz. In the high freqency 

range (/ > 1 kHz), the noise spectral density is affected by RC parasitic effects. But after 

corrections are made, frequency independent noise levels are found. The noise plateaus are 

attributed to hole trapping and detrapping in the quantum well bound states. The data also 

indicates that most of the current spectra are frequency independent down to 10 Hz. Only 

under high bias, e.g. \Vbias\ > 4 V, does excess noise show up in the spectra for frequencies 

below 100 Hz. 

The noise plateau values plotted as a function of dark current is shown in Figure 8. 

From this plot, two distinct regimes of operation can be recognized. In the low field diffusion 

dominant regime, noise values are nearly independent of the DC current. The observed low 

bias noise values agree with those calculated from the Nyquist expression at zero applied 
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bias voltage for the measured temperatures. In the high field, drift dominated regime, the 

noise values become strongly dependent on the DC current. This general behavior is quite 

similar to what Rose predicted for traditional photoconductive devices [42]. 

From the measured data, we were able to determine the expression for the noise current 

plateau values in the drift dominant regime as 

Si - ,    Eb-AE,1 (62) 
NALwCe{-~w> 

where Id is the dark current, N is the total number of quantum wells, A is the device cross- 

sectional area, Lw is the width of the quantum well, Eb = Ev — E0 is the energy barrier 

seen by the holes in the quantum well states, AE = qA<j> + qeLw, which is the total energy 

barrier lowering including both the electric field effect and the Schottky image effect, Jfcj is 

the Boltzmann constant, T is the temperature, and C is the hole generation rate constant. C 

was determined to be 9.4 x 1030 cm~3s-1, by fitting measured data with the above equation. 

Using this data and the expression for the noise current spectral density in the diffusion 

dominated regime, 

Si = WNALwCe(-E^) H^\  , (63) 

we can determine the diffusion length, LD- For this device, the diffusion length was found 

to be 450 Ä. 

The following model is used to explain the value of C and derive a value for the capture 

cross section crp within the context of the hole transport mechanism and quantum well 

characteristics. Thermally generated heavy holes will move via drift or diffusion in the 

barrier region to a neighboring quantum well. These quantum wells are heavily doped with 

beryllium acceptors to a concentration of 2 x 1018 cm-3, which results in an inter-acceptor 

spacing of about 100 A. Since the well width is only 48 Ä, these acceptors are postulated 

to basically form a thin plane of nearly neutral charge centers. The holes approaching this 

monolayer with a thermal velocity determined by barrier parameters will interact with these 

Be-centers, triggering a recombination process. Assuming ineffective screening of the Be 

nuclei due to the two dimensionality of the surrounding electron gas, the Be pertubation 

potential can be approximated by J?£ , where Z=4 [43]. Note that holes impinging on 

the Be-centers gain kinetic energy by crossing the barrier/quantum well interface. Thus the 

perturbation potential must equal the energy gained from the barrier/quantum well interface 
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and the hole thermal energy, or 

Zq 
= Eb + Eth, (64) 

from which ov, = irr2 can be calculated. 

iire0trr 

,v = irr2 can be calcula 

We calculated at T=100 K, that <rp(100 K) = 1.9 x KT13 cm2. The measured value 

that follows from C = NaNvvtkcrp = 9.4 x 1030 cnrV1. Using Na = 2 x 1018 cm"3 and 

bulk GaAs values for Nv and vth, we find that av,exp — 2.6 x 10~13 cm2, which is in good 

agreement with the predictions of this model. 

At zero bias, the following picture emerges for QWIP operation. Holes are thermally 

generated from the quantum well bound states into the extended states of the device with 

equal probabilities for transferring to the neighboring quantum well on the anode or cathode 

side, in equilibrium. The hole lifetime of the bound states is large compared to the barrier 

transit time, allowing the holes to fully thermalize in the wells. This thermalization process 

decouples the statistical fluctuations in hole transport through a barrier from one period to 

the next. As a result, the QWIP can be though of as consisting of N statistically independent 

sections made up of a barrier region with two contacts from which the holes are emitted. 

In equilibrium, the net hole current through any cross sectional plane is zero, which results 

from the detailed balance between two opposing currents, I0.  Assuming full shot noise in 

each current, the current noise spectral density of a single section becomes 5,(aect,on) = Aql0. 

Then the total noise is 
Q _ bisection) _ 4gj0 _ c öi - JY _ ~jy~ - öi(Nyquist)- (05) 

When an electric field is present, producing a voltage drop, Vj across a section, then the 

total current becomes 

/ = I.[\ - exp(-0)] (66) 

where /, is the saturation current. In equilibrium, /, = /„ and the total current is zero. With 

an electric field, the saturation current will increase due to field induced barrier lowering and 

the image effect. So that, i, = 70exp(^), and the dark current values can be calculated. 

The measured dark current and our calculated results based on the above equations are 

shown in figure 9. 

We also measured and modelled the dark I-V characteristics of a InGaAs/AlGaAs p- 

type QWIP with a detection peak at 9.2 fim.  A detailed summary of this device can be 
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found in the previous report, and a brief outline of the device characteristics are given in 

table 1. 

Figure 10 shows the dark I-V characteristics of this 9.2 (im peak p-QWIP. The current 

was calculated assuming a constant applied electric field throughout the device, and at low 

fields, the holes are thermally generated from a quantum well and travel, on average, one 

period before they trap and fully thermalize into the neighboring quantum wells. As seen, 

good agreement is obtained between the theoretical calculations (symbols) and the measured 

results (solid line). 

2.4 Conclusion and Remarks 

During this reporting period, we have achieved a better understanding in regards to 

the design and characterization of P-QWIPs. We previously demonstrated a novel strained- 

layer design that utilizes biaxial tension on an InP substrate with ultra-low dark current, 

high detectivity, high responsivity, and BLIP operation. We have also demonstrated a re- 

liable, novel compressively strained-layer designs on a GaAs substrate with detective peaks 

at 7.4, 8.4, 8.9, 9.2, and 10.1 fim in the LWIR band and 5.5 /mi in the MWIR band with 

high detectivity, high responsivity, and high gain. We have demonstrated detectivities of 

4.0 x 109, 1.66 x 1010, 2.7 x 109, and 1.04 x 109 cmv^/W with the 8.9, 7.4, 9.2, 

10.1 /on peak wavelength p-QWIPs. We are currently pursuing the application of p-type 

QWIPs with step bound-to-miniband transition schemes in an effort to lower dark current 

and noise levels while maintaining normal incidence detection and responsivity. The current 

p-type SBTM CSL-QWIPs exhibit a LWIR detection peak at 10.4 fan with a corresponding 

D* = 1.4 x 109cm\/H~z/W at T=65 K and V=l V. Efforts are currently underway to lower 

the dark current of the SBTM p-QWIPs even further for higher temperature operation, in- 

cluding barriers that limit the effect of the large triangle potential of the ohmic contacts. 

A study of the effects of strained quantum wells towards actual responsivity is also under- 

way. These devices have been grown and will be fabricated and characterized for the next 

reporting period. Additional headway has been made in the modeling of the dark current 

characteristics of the 9.2 and 7.4 ^m peak compressively strained p-QWIPs, along with the 

analysis of the noise performance of the 7.4 /an peak p-type compressively strained p-QWIP. 
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Device 

(strain) (pm) 

Responsitivity 

(mA/W) 

Dark Current Density 

(A/cm2) @ 77 K, 1 V 

InGaAs/InAlAs 

(tensile) 

8.1 18 5 x 10~8 

InGaAs/GaAs 

(compressive) 

8.9, 8.4, 5.5 45 2.5 x 10"2 

InGaAs/AlGaAs 

(compressive) 

7.4, 5.5 38 1.1 x 10~4 

InGaAs/AlGaAs 

(compressive) 

9.2 28 1.6 x 10"2 

InGaAs/AlGaAs 

(compressive) 

10.1 17 5 x 10~2 

InGaAs/GaAs/AlGaAs 

(compressive) 

10.4 25 4 x 10"2 

Table 1. Comparison of the strained layer p-QWIPs studied so far. 
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Figure 1: The schematic diagram for new 10.4 /an peak compressively strained 

InGaAs/AlGaAs/GaAs p-type SBTM CSL-QWIP. 
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Figure 2: The calculated transmission peaks for the InGaAs/AlGaAs/GaAs compressively 

strained p-type SBTM CSL-QWIP. 
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Figure 3: The layer structure for the p-type SBTM CSL-QWIP. 
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Figure 4: Measured dark I-V and 300 K background photocurrents for the 

p-type SBTM CSL-QWIP. 
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Figure 5: The measured photoresponse versus incident IR wavelength at 

T=60 K, V=2.0 V for the p-type SBTM CSL-QWIP. 
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Figure 6: The measured responsivity versus bias at 10.4 fim and various temperatures. 
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Figure 7: Current noise spectral density versus frequency at different bias voltages 

and temperatures. 
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Figure 8: Current noise spectral density versus dark current for various temperatures. 
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Figure 9: Measured and calculated dark currents of the 7.4 /an peak InGaAs/AlGaAs 

at low bias voltages and different temperatures. 
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Figure 10: Measured and calculated dark current of the 9.2 fim peak p-QWIP at low 

applied biases and various temperatures. 
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