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Abstract—A numerical method for global optimization of tical, electronic and transport properties of these basic QWIP
quantum-well infrared photodetector (QWIP) performance pa-  structures are well understood [4]. Detectors for a free-space
rameters is presented and experimentally verified. The single-band wavelength of 1Q:m with low dark current and high detectivity

effective-mass Schroedinger equation is solved by employing the .
argument principle method (APM) to extract both the bound and at 77 K have been demonstrated that meet the requirements of

quasibound eigen-energies of the quantum heterostructure. APM focal plane array applications [5]. Recently, a large format and
is combined with a simulated annealing algorithm to determine a high uniformity GaAs—AlGaAs QWIP focal plane array (FPA)
set of device design parameters such as potential barrier height camera has been reported [6]. Despite the impressive progress
Vi, layer thicknessd,, number of material layers IV, total device j, jyqth theoretical and experimental aspects of QWIP research,

length, applied biasVzi.s €tc., for which the QWIP performance L . .
is within a predetermined convergence criterion. The method pre- €re is still a need for a systematic synthesis methodology that

sented incorporates the effect of energy-dependent effective masscan perform global optimization over all QWIP performance
of electrons in nonparabolic conduction bands. The present model variables. The optimization of QWIPs is a complex and often
can handle many optimization parameters and can incorporate nvolved process. Many performance parameters such as the
fabrication constraints to achieve physically realizable devices. In transition energyA;; (between states and j), peak wave-

addition, the method is not limited to the optimization of absorp- | th A». dibol trix el v b fi fficient
tion structures, and can be used for other instersubband devices eng p, dIpole matrix elemeni;;, apsorption coeificien

such as electron-wave Fabry—Perot filters and quantum-cascade @i, €tC. have to be evaluated. The relationship between these
lasers. The strength and versatility of the present method are parameters and the corresponding tradeoffs may become very
demonstrated by the design of a bicolor equal-absorption-peak complex in QWIPs exploiting multiple electronic subbands.
QWIP structure, and experimental verification of the zero-bias One example is the bound-to-extended state transition QWIP
absorption spectrum is presented. . o L
C o The performance of these QWIPs is very sensitive to the posi-
Index Terms—intersubband, mid-infrared, optimization, pho-  tjnn of the upper state. If the upper state resides too close to the
todetector, quantum heterostructure, quasibound states, simulated . . L
annealing. top of the potential barrier, large thermionic currents degrade
detector performance [7]. Placing it too high will broaden the
spectral width [8]. Therefore, careful consideration must be
[. MOTIVATION given to the optimum placement of the upper energy state. The

NTERSUBBAND transitions involving two or more energyoptimization of all the performance parameters can become
I eigenstates are now commonly used for infrared detectifunter-intuitive particularly if the number of parameters is
of energies lower than the bandgap energies ofsemiconduct@&e-_ ) ) _ o
Quantum-well infrared photodetectors (QWIPs), based onAS is ewden_tfrom the above discussion, an optimization tech-
mature GaAs—AlGaAs technology, provide higher fabricatiofdue that weighs all the performance variables of QWIPs ap-
uniformity and better production yield compared to alternatiy@opriately, and determines the device structure accordingly is
HgCdTe detector technology [1]. In addition, the design dtighly desirable. The global optimization of QWIP structures is
GaAs-Al,Ga _,As based QWIPs can be tailored for divers@ relatively new area. To our knowledge, the methodology pre-
applications due to manipulable aluminum compositior%e”ted in this paper is the only global optimization technique
and layer thicknesses. Infrared photodetectors with a singfPorted to date for the design of QWIPs. This is a global opti-
quantum well have been studied in detail [2], [3]. The ophization technique in the sense that an objective function is for-
mulated as a function of th&/ parameters of interest and the

. . _ timization algorithm is globally convergent in thié param-
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Employing bandgap engineering, it is possible to extenc E ©
the functionality of a GaAs—-AlGa _,As based QWIP to _ T
perform multicolor detection using various quantum well % Type 1
designs. Multispectral applications may be very useful in the - Quasibound States
spectral analysis of infrared sources and target discriminatior & . 1

Subsequently, considerable research effort has been focus f
on developing multicolor QWIPs for detection in the 3g&t Type 2
mid-wavelength (MWIR) and 8-12m long-wavelength Quasibound States
(LWIR) atmospheric transmission windows. In conventional
single-wavelength QWIPs, the same well and barrier structur: Vbias
is repeated many times. In one possible configuration of
multicolor QWIPs, several conventional QWIP structures
with different wavelength selectivities are stacked together
[9]. Various colors are accessed by changing the applied bigig. 1. Schematic representation of a biased semiconductor quantum
One disadvantage of this configuration is the extremely thiéféesrﬁzmcmre‘ The energy ranges of bound, type 1 QB, and type 2 QB states
structures. Also, each detector must be contacted individually. '
Another approach is to use different transitions within the same
well/barrier structure. Symmetric [10] and asymmetric [11fan support three distinct kinds of eigenstates as identified in
[12] quantum wells have been utilized for this purpose. Oth&#g. 1. Bound states are associated with electrons confined in
QWIP configurations have been studied including coupldzbth directions by quantum barriers. Type 1 quasibound (QB)
guantum wells with graded barriers, and triple-well structuresates are defined as having classically free propagation through
[13]. Dual-band QWIPs that manipulafe-X conduction-band both the left and the right boundaries of the multilayered struc-
coupling in indirect gap materials have also been reported [1#&jre (Z < 0 andZ > L in Fig. 1). These states exist at energies
None of the above-mentioned configurations exhibits equélat are higher than all conduction band edges and are also re-
absorption peaks at the detection wavelengths)( While ferred to as “continuum” or “extended” states. Type 2 QB states
there have been a number of different schemes proposed Haye classically free propagation either to the right or to the left
multicolor detection, no work has been reported on deliberately the heterostructure and cannot propagate in the opposite di-
and systematically equalizing the .absorptlon pgak;. MU|t!balﬂ§’ction due to an infinitely thick barrier. Both types of QB states
QWIPs can have equal absorption peaks, yielding uniforgde analogous to leaky modes in electromagnetic waveguides
performance over the photon-energy (wavelength) range [9f] QB states may arise, for example, through quantum me-
interest, by optimizing the fundamental parameters of theanical constructive interference causing carrier localization.
heterostructure_. . . o All three types of eigenstates of a given quantum structure are
In the following sections, the design and optimization of Betermined under the single-band effective-mass approximation

bicolor QWIP structure with equal-absorption peaks at o ing the argument principle method (APM) in conjunction with

distinct and well-resolved detection wavelengths are discuss& : transfer matrix method as described in [17]. The time-inde-
In order to demonstrate the strength of the present methodolg . i - o .
ndent single-band effective-mass Schroedinger equation for

in a simple and straightforward fashion, the structure has . ; .
been modeled for zero-bias operating condition. Howev eith layers of the heterostructure with effective magscan

<
o

t
VN+1 Bound States
zZ

the present methodology can be adapted to optimize bico written as

QWIPs with the two wavelengths being individually detected;> 2t

at two distinct applied voltages. Operating parameters such-as; i (z H- th [E—E;—V;—v(2)]i(2) =0, for z;_; <2<z
dark current due to thermionic emission, quantum efficiency, (1)

photo-responsivity, etc. may also be included in the optimizgherey); (2) represents the envelope wavefunctibris the total
tion methodology. Moreover, the optimization algorithm is nad|ectron energyf, is the transverse electron enerdg,is the
limited to the optimization of absorption structures only. Thﬁotential energy in théth layer, andv(z) is the externally ap-
application of the present method to other intersubband devicfﬁ'%d potential energyi(z) = Viius [L — (2 — 20) /(25 — 20)]

such as electron-wave filters and quantum-cascade laserg, I¥ig. 1). The quantityv(z) relates to the applied voltage

discussed in a previous work [15]. Formulation of the Optimiz%iaw(z) asv(z) = —eu(z), wheree is the magnitude of the

tion algorithm is presented in the next section. In Section Wyectron charge. The transverse enelfigys assumed to be zero
the design steps of the dual-band (two-color) equal-absorpt simplicity. The boundary conditions at the interface of the
QWIP structure are presented in detail. Section IV presents tLI? and the {— 1)th layer are given by [18};(z:) = i1 (2)
Fourier transform infrared (FTIR) spectroscopic experimenta 8 y 9 y L)

Sl o : and (1/m?)(d/dz)pi(z) = (1/mip)(d/d2)pisa(z0).
results for the verification of the zero-bias absorption spectru]gg)r the unbiased case(x) = 0 and the wavefunc-
of the QWIP structure. . Sz =

tion of each layer is the sum of two complex expo-

nentials representing left- and right-propagating waves
Yi(z2) = Aiexp[jri(z — zi—1)] + Biexp[—jri(z — zi-1)],
A. Real and Complex Eigenenergies where A; and B; are the amplitude coefficients. The quantity
represents the complex wavevector in tile region and

Il. THEORETICAL BACKGROUND

The initial step in the present method is to find the eigenstatfé"s _ ;
supported by a quantum heterostructure. A quantum structi§egiven by x; = i\/2m2‘ (E=V;)/h*. In the case of
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externally applied voltage bias, the envelope functions of the -0
heterostructures are no longer linear combinations of expo- | variabie XM‘ APM | Oviective
nentials. An analytical solution of the Schroedinger equation |nitializationf—> | Juntion
cannot be found for an arbitrary potential. In this case, the
region is divided into a finite number of sufficiently small 1
constant-potential steps. <K
Using the above form for the envelope wavefunctions for O(Xy)
successive applications of the boundary conditions allows the
amplitude coefficients at the two boundary layers=( 0 and oK y
i = N + 1) to be related by a transfer matu. The eigen-en- Xu Simulated —OPT
ergies of the structure are extracted by finding the roots of the Annealing [ Xy,

complex functionDet(M) = 0, whereDet represents the de-
terminant of the matrix. For QB states, “leaky” boundary con-
ditions are imposed on the wavefunctions and a complex tré;f' 2. Flowchart of the iterative optimization algorithm based on APM and
scendental equation is formed. The complex roots of the equa-

tion correspond to the QB states of the quantum hqterost_r UCtyIRs stringent assumptions about the candidate function than do
These roots are calculated via a novel complex arithmetic te her algorithms. SA can deal more easily with functions that

hique based on the APM [17]. These complex QB energies h‘rﬂ’ﬁ/e ridges and plateaus as compared to the genetic optimiza-

the formE = E, — jE;, whereE; > 0. The imaginary part of . . o .
the energy signifies the finite lifetime of the QB state. The totﬁ;n algorithm, which has difficulty with flat parameter spaces

- . . 4]. Itis also possible to restrict SA optimization to a subset of
probability of finding the electron inside the structure decreas, parameter space to incorporate fabrication constraints
exponentially in time, with the spatial confinement time given T :

i . he SA algorithm can be easily transferred to the domain
by Tsc = .h/ 2E; [19]. Spatl_al ch_aracter[stlcs of the Q_B Wave-,¢ guantum heterostructure design. Thé variables that de-
function include exponentially increasing left and right tail

T A .fine the parameter space are device physical parameters, such
This is analogous to leaky-mode behavior in slab waveguid P b phy P

&S individual layer thick tential barrier heights;
and is associated with leakage of electrons out of the struct individual layer thicknesse, potential barrier heights;,

Wfimber of | total device length, applied Higg,., etc. A
On the other hand, boundstatesdecayexponentiallyoutsideéla er oriayers, fotal Cevice [engih, appied Jig., €1

. ; OUlSIde JACs meter vectoX ,, = [X1,..., X7 is defined whose en-
structure and therefore have real eigenenergies and infinite li fas correspond to the physical parametets [; etc.) to be

t|mdest.hThefQB s;[jates ?0 n?_t ha;’ﬁ finite wa}veftL;]nctmnsl_?t infini ptimized. An objective function is formulated in order to de-
and, therefore, do not satisfy the normal orthogonality con cribe the ideal performance of the heterostructure. The objec-

tions of _bound states [20]. 'I_'hese nonorthogonal QB state; @R/ function O(Xy) is defined in terms of performance vari-

be con5|.dered as superpositions of multlple real energy ei9elies such as transition enerdy;; between states and;,

states with an energy-dependent dephasing [21]. corresponding dipole matrix elemeni;, confinement life-
time of eigenstates,., lifetime ratio R = ;/7;, etc. These

B. Simulated Annealing (SA) Optimization performance variables in turn depend on the physical param-

eter vectorX s = [Xy,..., Xas]7. SA finds in M parameter

The iterative algorithm presented in this paper is a uniq ace the global minima of the objective function thus defined,

of the APM described above with SA, a globally converge f . S PT )
optimization technique. SA borrows its name from thermod%\— d determines the physical parameter veRifif™ which pro

. . . . Huces a system as close as possible to the ideal. A flow chart
namics. After slow cooling or annealing, a metal arrives at i

state of lowest enerav. SA attlemots to minimize a function in the iterative algorithm is presented in Fig. 2. An informed
WE gy. >/ NP inNimize a function | gabess of the physical parameters serves as the initial choice of
manner similar to annealing to find its global minima. Coraha

vectorX 9, which initializes the performance parameters by ex-

al.’s[22] implementation of SA for continuous variables is use ; )
in the present methodology in conjunction with APM. SA exgcutlng APM_ Henceforth, SA randomly produces new param

- . . eter vectorsX ¥, where K is the iteration index. Upper and
plores the target function’s entire surface by performing randqr(pwer bounds on the values of each elementdf, are in-
N

walks in M parameter space, whelé represents the numbercorporated into the algorithm to produce physically realizable

of optimization variables. A rough view of the parameter SPaGE its. The randomly producedZ is the input to the APM

IS first o_btalned by moving V\."th large step lengths. The Steeﬂgorithm which determines new performance variables to cal-
lengths in each of thd/ directions are controlled by a param-

culate the objective functio® (X %). This iterative process is
eter called temperatufE. The step length and temperature ar?epeated until a predefined convergence criterion is achieved.

qoupled so that falling" prodgces decreasing steps. As th‘? "’.‘lg%' nonparabolic effective mass model can also be incorporated
rithm progresses and falls, it focuses on the most promising ithin the iterative algorithm as discussed in [15].
e

area within the parameter space. SA attempts to optimize it
function while moving both uphill and downhill in order to es-
cape local minima. Decisions on uphill movement also contain |ll. BIiCOLOR QWIP WITH EQUAL ABSORPTIONPEAKS
a random element. For the iterative algorithm presented in this
paper, SA was adopted as the optimization algorithm of choi
for avariety of reasons. SA is largely independent of the startingln order to obtain a bicolor detector, the first step is to define
values, often a critical input in conventional optimization algoa structure with two spectral ranges of absorption. The two
rithms such as the maximum likelihood method [23]. SA makegmospheric windows)X = 3-5 pm and\ = 8-12 um) are

Initial Design
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whereT is the operating temperaturBg is the Fermi energy,

n is the refractive indexg is the magnitude of the electronic

charge, and\ is the wavelength of the incident radiation. The

linewidth of the Lorentziar in the above equation is approx-

imated ad" = [(7/7;) + (B/7j) + AE[], whereAE; repre-

sents homogeneous/inhomogeneous broadening and is assumed

Eq to be 20 meV at 7K. The quantities; andr; are the lifetimes

of eigenstates andj respectively. The total absorption coeffi-

cient in a heterostructure is then calculated by summing the ab-

sorption coefficient$ _, . a;;(A) for all possible transitions. The

broadening factor for the B « B transition is determined by

AE; only, since the lifetimesr{ and;) for both bound states
are infinite. However, for théB < (@B transition, the finite

Iy lifetime of the QB state must be considered. If the QB state is
E, weakly bound, then the broadening faciog..qp is signifi-

cantly larger tharl' .. 5. Consequently, the values of the ab-
sorption coefficients at peak detection wavelengtpss .. )

- = andap(g. p) are unequal. The goal of the present optimization

| | L i 1 | problem is to make the ratiB of the two peak valuesyp;..1)

10 0 10 20 30 40 s0 andap(z..1) as close to unity as possible. For the initial config-

uration, this ratio isk = 0.3.
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Fig. 3. Optimized design of a bicolor QWIP with equal absorption peaks g{ Parameter Identification, Fabrication Constraints, and

A1z andA, ;. Squared magnitude of the wavefunctions for first (bound), secof@dptimization

(bound), and third (QB) states and corresponding energy levels are shown. Th Lo . . .
detector is surrounded by AkGa, 7 As input/output regions. The dashed line el'he initial Conﬁgurat'on of the bicolor QWIP structure has

represents the initial design. four quantum layers. Ideally, all the individual layer thicknesses,
aluminum compositions, and the input/output composition may

targeted as the two detection bands of interest. A quantym

heterostructure with at least three eigenstates is required. eechosen as independent optimization parameters. However,

proposed quantum-well detector uses a bound-to-bound an %molecular beam epitaxy (MBE) machine used for the sample
bound-to-QB transition. Bound-to-boun® (— B) transitions growth has only_two alummur_n_ cells. Therefpre, only tWO. n-
in quantum wells typically exhibit narrow spectral Widthsdependent alumlnum compqsmons are p(_)§3|b_le for the b|_color
while the bound-to-extended3( — E) transitions are greatly QWIP structure. A third aluminum composition is also possible,

broadened [8]. By the use of a QB (— Q B) excited state, the With the constraint
spectral width of the second transition is made much narrower. o 1—mamyp 3)
The initial design of the bicolor QWIP is shown in Fig. 3 (rep- (1 —2a)(1 = xp)

resented by the dashed line). The input/output regions Con%rewa andz; are the two independent aluminum composi-

of Al 3Ga) 7As. The detector has four quantum layers: 5.1 NFhns. With these constraints in mind, five parametars £ 5)

2:1 (’:‘Ig‘*legonfp(‘)sf :;ZGna:] Z‘;G_ﬁ‘;' Ai)? (22 (Xsﬁggﬁ)ésrést'o are identified for the optimization process of the bicolor QWIP.
. 4 .6 . 4 .6 H H H HY H
the left and right of the central asymmetric step quantu1n_1he input/output region aluminum compositiomo] is left

: S unchanged at 30%. This leaves only one more aluminum com-
well are included to give rise to a strong QB state resonance,

The step quantum well is chosen to break the symmetry %?smon that may b? varied mdepgndently forthe optlmlzat|0|_1
gcess. The aluminum composition of the second layer is

the structure. The heterostructure has two bound states Qﬁ . g
one QB statel; = 106.88 meV, By = 215.85 meV, and chosen to be zero (GaAs well). The aluminum composition of

E5 = 330.22 — j9.35 meV. All the eigenstates of the structurdhe third layer is varied as an independent parametes(z:3).
have been found via APM as described in Section II. The trah'€ composition of the first and fourth layers are set to be
sition energies aré\ Ey, = 109 meV andAEy; = 223 mev. €qual @1 = z4) and is determined according to (3). All the
This corresponds td;, = 11.4 ym and ;3 = 5.56 um. |Qd|V|duaI layer thicknesses are varied independently and
Wavelength) falls within the MWIR atmospheric window X = [21,d1,d2, ds, da]”. The aluminum composition of the
and A, falls within the LWIR atmospheric window. Of key individual layers is constrained iy < z; < 0.45 in order to
importance is the dipole matrix element valugs; = 1.51 nm retain direct bandgap operation. The individual layer thickness

and Z;3 = 0.82 nm, since they define the strength of thel; has a lower bound of eight monolayers for feasibility of
corresponding transition. The absorption coefficient for fabrication, and an upper bound of 60 monolayers in order to
optical transition between stateéand; is given by [26] retain electron coherence. Only two bound states are allowed
ome?| Z;; 2 g for the hgtgrostructure. In addition, only one QB state is
BT T 2 hes alloyv_ed within the energy range 2_32—340 meV_. _The absence_ of
0 (5) +(Ej - Ei = %) additional states ensures unambiguous transitions. The objec-

m*kpT . 1+ expFr—F)/ksT

tive of the optimization process is to make the ratio of the two
X 5 n :
h Lz 1+ eXp(EF_EJ)/kBT

absorption peakep(s1)/ap(21) as close to unity as possible

)
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without reducing the values of the dipole matrix elemefis Lo Lo
and Z,3. These transition wavelengths are constrained to fall 800 | { {
within the range\;s = 812 um (B < B) and\;3 = 46 um
(B < @QB). These values of the detection wavelengths fall 700 [
within the two atmospheric windows with,, in the LWIR
range and\;3 in the MWIR range. The objective functionto be ~ 600 [
minimizedO(X ) is defined as follows: g
O(Xar) = .
c
=A+B+C+ D+ E+F+G/ where § 400 [
Lo ] if [AE1, — 130 < 25meV  §
T\ 10|AE»(Xar) — 130, otherwise © 300 I
]
B= 0, _ if |AE13 — 250| < 40 meV 'Ez. 200 |
10|]AE3(X ) — 250, otherwise 2
QP(31)(XM) “ 0
C =50000 x <1 — —)
ap(21)(Xar) . L
1000 H
_{ (Z12(X)—05)” if Z12 Z 151 nm I l ] | |
1000|Z12(Xpr) — 1.51|, otherwise 0 80 160 240 320 400
B { (1+<Z13(1§3?_)_0.82)), if Z13 > 0.82nm Photon Freespace Energy, E (meV)
1000|Z13(Xas) — 0.82|, otherwise
if > 200 f Fig. 4. Absorption coefficient of the bicolor equal-absorption-peak QWIP as
F = 0, _ LI Pt k S a function of free-space photon energy at 77 K.
30000 x (200 — 73(Xs)), otherwise
q = { 0, - if 21(Xar) <0.45 @) tions in the fabrication process do not degrade the device per-
1000 x (z1(Xpr) — 0.45), otherwise formance. The optimized bicolor QWIP is shown in Fig. 3. As

Here, all energies are expressed in millielectronvolts, dipole nfégsired, the structure possesses two bound states and one QB
trix elements in nanometers, and lifetimes in femtoseconds. T#ate with the correct energy spacings to yigld = 9.1 um
weights in (4) are found empirically after a few runs of the aBNdA:3 = 5.9 um. The eigenstate values ale = 75.92 meV,
gorithm to determine the dynamics of the objective function iz = 212.88 meV, andEs = 286.58 — j0.02 meV. The QB

each one of th@/ parameters. Term4 andB ensure the appro- state is a very Strongly localized one. The dlpole matrix ele-
priate transition wavelengths» and) 5, and are set to the min- mentsZ;> = 1.34 nm andZ;3 = 1.07 nm. The ratioR =

imum value of zero onca E;; falls within the desired rang€!  @p(31)/ap1) = 0.99 and the detector has equal absorption
ensures the equality of the two absorption peaks. Tdnand Peaks at both detection wavelengths. The modulus square of
E are added to make the dipole matrix elements larger than theé eigen-wavefunctions are shown in Fig. 3 (solid line). The
original values of 1.51 and 0.82 nm if possible. Tefinsets dashed curve corresponds to the potential profile of the original
a lower limit on the lifetime of the QB state in order to predesign. However, the algorithm calculates the individual layer
vent a very weak resonance. As can be séeis emphasized aluminum compositions and layer thicknesses to the 16th sig-
more than the other terms in the cost function since the gdgiicant figures. These values are rounded off for fabrication
of the a|gorithm is to make the ratio of the absorption peaﬁ@ﬂSlblllty The aluminum CompOSitionS are rounded off to the
unity. F is given the second highest emphasis in order to findsgcond significant figures and the layer thicknesses are rounded
very strongly localized QB state. Otherwise, the algorithm wé4f to the nearest 0.1 nm. The effect of conduction band non-
found to converge on structures that possessed QB states Wafabolicity is included in the calculation following [25]. After
very small lifetimes. The terr6 is added to ensure that the aluthese adjustments, the ratib= ap(31)/ap(21) = 0.93.

minum composition of the first and the second layefs£ ),
derived from constant, and randomly chosen, do not ex-
ceed 0.45. A method to force stable solutions is included in theThree possible optical transitions exist in the bicolor
algorithm by introducing random perturbations at each iterati@gual-absorption-peak QWIP described above. However, only
in the vectorX ¥ . Each time the SA algorithm produces a newhe 1—2 and the -3 transitions must be observed. Therefore,
XK eachofits elements,, di, d2, ds, d, are perturbeditimes, the structure must be doped such that only the lowest subband
producing differentX & vectors. The APM is executddimes F; is populated, and the«23 transition is not observed due
(within each iteration loop) to formulatiedifferent sets of func- to lack of electron population in the second subband. With
tional parametersA;s, Z13, AFE;3 etc.) in order to producé this in mind, the central part of the GaAs well in the QWIP
different objective functions. The average of these intermediatucture is doped at 1>01018/cm3. Assuming complete
objective functions is taken to formulat® X X ). For this par- ionization of donors, the Fermi energy is calculated from the
ticular optimization problem, = 4 is used. This perturbation charge neutrality conditio&V;, = =, N;, where N}, is the
method ensures that the optimization algorithm does not reaohized donor sheet-density amdl; is the two-dimensional

a sharp minima in the parameter space so that random fluctasabband population [27]. For the present calculation, complete

C. Fermi Level and Charge Distribution
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TABLE |
EQUAL-ABSORPTIONPEAK QWIP STRUCTURE SPECIFICATION

Layer No. Layer Name Al Comp. Thickness (nm) Doping
1 1st barrier 0.4177 12.5 0
2 1st well 0.00 4.8 1.0 x 10®cm =3, central 4.0 nm
3 2nd well 0.224 7.2 0.0
4 2nd barrier 0.4177 12.5 0.0
5 spacer 0.70 70.0 0.0

Total thickness = 107.0 nm

ionization is assumed anNg = Np = N1 + N> + N3. The
subband population of thigh eigenstate is given by

*kgT
N; = % In[1 + expFr—F)/ksT] (5)
™

wherekF; is the eigenenergyyr is the Fermi energy, and* is
the effective mass of electrons in GaAs [28]. Assuming an oE_— ) o ]

erating temperature of 77 K for the bicolor QWIP structufe, Oﬁﬁi'opﬁﬁgg? g&gﬁ%’&?ﬁy for the verification of the absorption spectrum
is found to be 89.4 meV. For this value of the Fermi energy, only

the lowest subband of the bicolor QWIP is populated as desirggl, |y ffer and the cap layers must be chosen carefully according
and the population differenc& s, is equal to the population , the experimental geometry. The absorption characteristics of
differenceA V2, . Using this value of Fermi energy, the total abg g eqya)-absorption-peak QWIP were measured using a Bruker
sorption coefficienty = 3 ;; a;; is calculated for the optimized /66 Fourier transform infrared (FTIR) spectrometer incorpo-
bicolor equal-absorption-peak QWIP structure and is shownigyin g 5 five-times beam condenser to focus light onto a polished
Fig. 4 as a function of free-space photon energy. end of the sample. The sample geometry is shown in Fig. 5.
The doping profile is chosen in order to balance the elegy,y the polarization component of incident radiation normal
tron distribution of the lowest bound state (the only occupid the growth direction contributes to intersubband absorption
state of the bicolor QWIP) so that *flatband” conduction bangh yhe ahsence of strain [30]. Thus, in order to increase the net

profile is retam_ed under zero bias. Only the ce_qtral_4.0 nm %sorption, a multipass geometry is used by polishing the ends
the GaAs well is doped and the flat-band condition is retaineg o sample af» = 17°. There are multiple advantages of
within ~ 0.5 _meV. Therefore, the space-charge effect on ”&%ing a shallow wedge angle of°L7The polished edge of the
potential profile can be neglected and no self-consistent Cal%‘é’mple presents a large area and this facilitates sample/beam
lation is necessary. Fre_e—carrier abs_or_ption in doped Semicﬁﬂgnment. In addition, a beam propagating parallel to planes
ductors must be taken into account in intersubband device depe o dimensional epitaxial layers would be incident on
sign. For the doping level used in the bicolor QWIP, the free-cag;q wedge at Brewster's angléf = 73°) with respect to
rier absorption increases as the third power of the wavelengffy, g rface normal. As such, the TM polarized incident radi-
[29]. The free-carrier absorption coefficient values & = 4tion is completely transmitted into the sample without being
9.05 pm andh;3 = 5.89 um) are calculated to be more than tefgfiacted. The transmitted beam traverses the sample length in
times less than the corrt—_:spondlng intersubband peak absorb@g%_zag geometry as shown in Fig. 5, and absorption within
values. Therefore, the induced intersubband absorbance spgg-active layer is enhanced. At the GaAs/air interface, the in-
trum of the optimized bicolor QWIP is easily verifiable throughareq beam goes through total internal reflection and the in-
the FTIR measurement. cident and the reflected beams interfere with each other. The
o o intensity of the interference pattern is given by) = 2[1 +
D. Sample Geometry and Epitaxial Layer Specification cos (2konoz sin 8 /2)], wherek, is the free-space wave vector,
The previous sections discuss the heterostructure desigmgfis the refractive index of the material, adflis the angle
the bicolor equal-absorption-peak QWIP. For practical devicdsgtween the two interfering beams and for the proposed geom-
this basic heterostructure must be repeated a few times, sefpy 6'/2 = 90° — § = 56° (Fig. 5). The electric field in the
arated by a spacer layer, in order to have significant infrargdowth direction goes to zero at the surface, and the length of
signal absorption. For the bicolor QWIP, the total heterostrutie cap layer should be chosen so that the quantum-well active
ture thicknesd.qevice = 37 NM. The thickness of the spacefayer is not placed at the null of the intensity pattern. To com-
layer Lepacer = 70 Nm so that there is no coupling betweemlicate matters, there are two infrared wavelengths of interest.
the wavefunctions of different devices. Table | shows the spdesllowing the design methodology of [31], the active layer is
ification of the QWIP/spacer unit. The number of repetitionplaced at a distance of 0.53n from the top GaAs/air interface
of the QWIP/spacer unit is chosen to be 50. This active layer maximize the absorption for both infrared wavelengths of in-
is grown on top of a semi-insulating (100) orient®dAssub- terest. Thus, the thickness of the upper cap layer is chosen to be
strate followed by an undoped AlGa& 7As buffer layer. The 0.53um. The buffer layer also has the same thickness. Table I
active layer is capped with undoped GaAs. The thicknessesstbws the complete wafer specifications.
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TABLE 1 Transition Energy, AE (meV)
WAFER SPECIFICATION
280 260 240 220 200 180 160 140 120 100
= = Wor—rT 1 1 T T "~ T T "~ T T "1
Layer Name Al Comp. Thickness (um) Doping 1082 o
upper cap layer 0.0 0.53 0.0 o8
active layer see Table 1 5.385 see Table 1 08 [
buffer layer 0.3 0.53 0.0 i
semi-insulating substrate 0.0 500.0 0.0 o7 1560 om”

0.6

0.5
IV. EXPERIMENTAL VERIFICATION OF BICOLOR

EQUAL-ABSORPTIONPEAK QWIP STRUCTURE SPECTRUM

0.4

0.3 LO phonon

The semiconductor wafer was cleaved into a 10 rmf 767 cm'”

mm piece using a CarlSuss 100 Wafer Cleaver. The next s
in sample preparation is polishing the small cleaved piece
a 17 facet. A specialized polishing chuck was made for thi
purpose using Molybdenum. Molybdenum was used in order
protect the polishing chuck from corrosive polishing fluid. Th [N O Y T U B

sample is initially lapped at an angle on a:8-grit polishing 2240 2060 1880 1700 1520 1340 1160 980 800
paper using 3:m grit aluminum-hydroxide polishing powder

slurry. Fine polishing of the facet is done by polishing the
sample on a special polishing cloth (Chemcloth by Logiteclsg. 6. Absorption spectrum of the bicolor equal-absorption-peak QWIP

using a sodium—hypochlorite based solution (Chemlox t? a function of free_—space photon WavenL_Jr_nber and energy th 3001K. The
Loaitech). As the final step. the samole is chemicall clean' ersubband absorption peak for the-B transition occurs at = 1560 cm™
ogitech). As P, p y 4E, . = 193.4 meV and\1» = 6.4 um). The intersubband absorption peak

using acetone, methanol, DI water, and is blown dry using diy the 12 transition occurs a& = 1082 cm-* (AE;, = 134 meV and
nitrogen gas. The backside of the sample is also polished*in_= 9-24 #m). The LO phonon absorption peak occurgat 767 cm™*
order to reduce scattering during infrared signal transmissidh,-£0 = 95 mevandiio =13 ym).
The sample is cleaved from the central portion of the wafer
in order to ensure growth uniformity over the dimensions dfible for temperature-dependent energy peak shifts. Therefore,
the cleaved piece. A liquidv, temperature mercury cadmiumat the design temperature of 77 K, the transition enexdy s
telluride (MCT) detector is used for the intersubband absorprould be closer to the theoretical value of 204 meV. At 77 K,
tion experiment. The FTIR scans are obtained at 300 K. Thaly the first eigenstate is populated and the» 3 transition
absorption spectrum is presented in Fig. 6. does not occur. The electric dipole matrix valde; is rela-

The QWIP absorption spectrum exhibits two main peaks titely large and is close to 3 nm. At 300 K, the second eigen-
1560 cnt! and 1082 cmit. These two peaks correspond to thetate is only slightly populated\ 99.4% Ny = 0.6%)
1 — 3 andl — 2 intersubband absorptions. There is a mucénd the2 — 3 transition should exist. It is not possible to ob-
smaller peak at 767cmt which is a phonon absorption as deserve this transition due to a very strong phonon absorption band
scribed in [29]. The corresponding transition energy values asound 550 cm'. However, due to the scarcity of electrons in
AFE15 = 134 meV andAE;3 = 193.4 meV. The theoretical the second eigenstate, the- 3 transition is very weak even at
values areAFE;, = 136 meV andAF;3 = 204 meV. The room temperature, and does not effect the overall spectrum sig-
1 — 2 transition energy deviates by only 2 meV from theorenificantly. The absorption peaks at 1560 thand 1082 crm!
ical prediction. Therefore, itis assumed that the first and secodidappear for TE-polarized infrared radiation, thus confirming
eigenstate positions correspond almost exactly to the theottbat these peaks are indeed intersubband absorptions. Other than
ical values £1 = 75.92 meV andF, = 212.88 meV). The the phonon resonance, no other peak which could be confused
small discrepancy between the theoretical and the experimentéh an intersubband resonance is observed in the sample. It is
values of AE;3 can be contributed solely to the third eigenworth mentioning that the only manipulation performed on the
state position. Thé — 3 transition energy deviates by 11 meVspectrum of Fig. 6 is a very small baseline correction in order
from theoretical prediction. This corresponds to a 3.9% devie facilitate data analysis. The low noise level and the clarity
tion from theory and is well within acceptable limits. The APMof the spectrum are extraordinarily good. The absorption peaks
over-estimates the QB eigenstates by a few percent due to éineremarkable in their sharpness and Lorentzian lineshapes. For
nonorthogonal nature of these states [15]. In addition, theretle doping level of the bicolor QWIP, the free-carrier absorption
an energy lowering associated with the energy peaks at highwreases as&® and degrades signal integrity in the long wave-
temperatures. The conduction band nonparabolicity coefficidahgth regime. The lack of long wavelength free-carrier absorp-
is temperature dependent [29]. Since nonparabolicity affects tien tail of the bicolor QWIP spectrum validates the design ef-
higher energy levels, the lowering of the transition energy is prisrts expended in minimizing this unwanted feature.
nounced for thé — 3 transition involving the third eigenstate. The next experimental data of interest are the linewidths of
In addition to the temperature-dependent nonparabolicity effettte intersubband transitions. The linewidth of the peaks are mea-
many-body effects, such as the electron—electron exchangesared by performing a Lorentzian linefit to the experimental
teraction [32] and depolarization effects [33], are also respotiata. The linewidth values adg,; = 33 meV andIl's; =

Absorbance Unit (ABS)

TTTT T T T T

Wavenumber, ¥ (cm™)
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27 meV. The thermal energy of the electrons at room tempenaill also modify the electric dipole matrix element by changing
ture iskg1 = 26 meV and this value accounts for almost all ofthe overlap between the wavefunctions. The ratio of the peak in-
the linewidth broadening for the intersubband transitions. Thensities af\13 and ;s is experimentally found to be 0.71. The
lifetimes of the excited states can be deduced from the relatireoretical prediction of the rati® = aps;/ap21 is approxi-

7ji = h/T;;. The lifetimesre; = 0.02 ps andrs; = 0.024 ps. mated to be 0.86 at room temperature. This discrepancy can be
Since the third state is a QB state, its spectrum has a findecounted for by the fact that the third eigenstate energy value
linewidth given byFW HM = h/2E;, whereFE; is the imag- and the electric dipole matrix elemefit, are overestimated by
inary part of the complex eigenenerdg;. The FWHM of the 10 meV and 0.23 nm. The oscillator strength for transition be-
third state is very narrow with a value of 0.04 meV. Using thiween statesand; is proportional taA E;;| Z;;|2. The deviation
relationl” = [(7/7;) + (R/7;) + (B/7sc) + AE)], the inter- in AE;3 andZ;3 can reduce the value & to 77% from a theo-
subband electron-phonon scattering timecan be found. The retical prediction of 86%. In addition, it has been demonstrated
electron-LO phonon scattering time from the third to the firgh [31] that random fluctuations in device parameters such as
staters.31 = 0.69 ps. The value of.o; = 0.09 ps. These aluminum compositions and layer thicknesses can cause a de-
values fall in the range of previously published results [34]. Theation of up to 5% in the value aR, thus reducing it to 73%.
electron—phonon scattering rate from the second to the first st@itee experimentally calculated value of 71% is close to this value
is higher than the scattering rate from the third to the first statef. 73%. It must be noted that there are uncertainties associated
The large electric dipole matrix elemefit, is directly propor- with quantum heterostructure simulation on more fundamental
tional to higher electron-phonon scattering rate [34]. In additiolevels. The analogy between a real quantum well and a theoret-
the room-temperature measurement increases the scatteringicaldwo-dimensional system has limitations. There are also un-
since the electron-LO phonon scattering is strongly dependeettainties associated with the envelope function boundary con-
on temperature. It has been demonstrated that for any giwditions at heterostructure interfaces, the true value of electron
wavelength of an intersubband device, increasing the tempéensity, the degree of ionization of the donors, the Fermi en-
ature from 77 K to 300 K increases the electron—phonon scatgy, the true well widths, and the true barrier heights. In view
tering rate by almost an order of magnitude [35]. The intersubf these uncertainties, the agreement between theory and exper-
band experimental data exhibits minimum signs of interface mnent is very good. In the context of a multicolor QWIP manip-
impurity scattering. This fact verifies the good quality of thelating transitions within the same heterostructure, the ratio of
heterostructure interfaces. If the heterostructure interfaces #re absorption peak height® (= 0.71 at 300 K) as designed
sufficiently rough then scattering could destroy the absorpti@md demonstrated in this paper is the highest ratio achieved to
effects either by increased lifetime broadening, or by lack tlis date. The closest value reported in the literature s 0.3,
conservation of transverse momentum wavevector. In additi@s reported by Martinedt al. [11].

electrons can be trapped by deep energy states at poor quality

interfaces and refrain from participating in intersubband transi- V. SUMMARY

tions.

The intersubband oscillator strengths/dipole matrix eleme&t
values can be deduced from the experimental data by integratI;1
the areas under the Lorentzian curves that fit the experimeq},ﬂ
peaks. This area, or the integrated absorption fraction (I1AF)
related to the intersubband oscillator strengih, as [36]

In summary, an iterative algorithm for the optimized design
QWIPs was presented and verified. This methodology is
limited to QWIPs and can be applied equally well to other
| ersubband devices such as quantum cascade lasers, elec-
’tr%n-energy filters etc. This technique is a globally convergent
algorithm with no restriction on the number of parameters to
) . 9 be optimized. The algorithm also incorporates an efficient tool
¢ hfin (Nsm = Non)NpN sin (0). (6) for determining all the eigenstates of a heterostructure. The
4egenm* cos(f) versatility of the present method is demonstrated by the opti-
] . mized synthesis of an equal-absorption-peak QWIP structure.
Here,6 = 34° for the geometry of Fig. 5 is the free-space The zero-bias absorption spectrum of the optimized QWIP
permittivity, ¢ is the speed of light in vacuum,is the Planck’s gyrycture is verified with FTIR measurements. This method,
constant, and.,, is the sheet electron density of theth eigen- \yhich relies on the APM or eigenstate determination, and
state. The experimental IAFs are found tolbkFy, ~ 43meV 4, ga for parameter optimization, meets all the criteria for a

andIAFy3 =~ 25 meV. Using (6), the electric dipole matrix el-qpyst, globally convergent optimization algorithm for QWIPs.
ements are deduced to Bg; = 1.35 nm andZ;5 = 0.83 nm.
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