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Experimental investigations op-type Ga_,In,As,P; , quantum-well intersubband photodetectors
(QWIP’s) led to the discovery of unique features in photoresponse spectra of these devices. In particular, the
strong 2—-5um photoresponse of these QWIP’s was not anticipated based on previous experimental and
theoretical results fop-type GaAs/AlGa _,As QWIP’s. Our theoretical modeling gf-type QWIP’s based
on the Ga_,In,As,P, _, system revealed that the intense short-wavelength photoresponse was due to a much
stronger coupling to the spin-orbit split-off components in the continuum than occurs for GaBa{AlAs
QWIP’s. Due to the strong influence of the spin split-off band, an eight-band Kane Hamiltonian was required
to accurately model the measured photoresponse spectra. This theoretical model is first applied to a standard

p-type GaAs/A}Ga7As QWIP, and then to a series of GaAsfgdng 4P, GaAs/Ggedng 3gSp.2 0 78

Gay 7dN0.21AS0 56P0.47/G 51N0.adP, and GazdNg 21AS0 590,47 G e 64N0 35S0 2270.78 QWIP’s. Through  this
analysis, the insignificance of spin split-off absorption in GaAgEE, _,As QWIP’s is verified, as is the dual

role of light-hole extended-state and spin split-off hole-extended-state absorption on the spectral shape of
Gay_InAs P, _, QWIP’s. [S0163-182896)06840-3

I. INTRODUCTION Moreover, the increased effective mass of the charge carriers
in the valence-band quantum wells will result in a reduction
Quantum-well intersubband photodetect@@®WVIP's) are  in dark current and, consequently, a reduction in noise
engineered optoelectronic devices which are designed frorurrent*
superlattices of relatively wide-band-gap I1I-V semiconduc- Recently, in a series of papét3,we demonstrated the
tors. In a QWIP, the specific wavelengths of the response arguperiority of aluminum-free, Ga,In,As,P,_,-based
not directly dependent on the band gaps of the constitueri-type QWIP’s. These devices demonstrated background-
materials, but rather on the width and barrier height of thdimited infrared photodetectiofBLIP) up to sample tem-
guantum wells in the superlattice. Therefore it is possible tgeratures in excess of 120 K for detectors with cutoff wave-
design an infrared photodetector from materials that do noengths between 3 and #m. This high detector operating
normally respond to infrared light—like GaAs and its relatedtemperature, combined with the established benefits of re-
compounds. The potential benefits of quantum-well intersubplacing ALGa _,As with Ga _,In,As/P,_, materials in
band photodetectors are significant. First, by deliberatether optoelectronic devicds? suggest that acceptor-doped
choice of well and barrier materials and well width, a de-Ga,_,In,As,P, _, QWIP's have the potential to outperform
signer is able to pick a particular wavelength range of interdonor-doped GaAs/AGa _,As QWIP’s. However, the
est. Second, by being able to use the mature growth ansbectral response of these aluminum-free QWIP’s is unusu-
processing of GaAs and its related compounds, extremelglly broad, covering a typical range of approximately 400
high uniformities can be expected. In fact, the fabrication ofmeV. To explain this behavior, it was necessary to model the
large focal plane arrays on three inch wafers can readily bband structure and the intersubband absorption processes in
achieved- For these two reasons, QWIP’s have become thevalence-band quantum wells.
subject of intense research in the last few yéars. Considerable work has been done on the analysis of in-
Most of the investigations thus far have been withlype  tersubband absorption in semiconductor quantum wells.
GaAs/ALGa, _,As superlattices. Doping of the wells is re- Chang and Jam@sised a four-band envelope-function ap-
quired for photoresponse, and if the dopingit/pe then the  proximation, and showed that normal-incidence absorption is
conduction-band quantum well will be the source of infraredpossible in valence-band quantum wells due to the mixing of
absorption. The results from thesetype devices have been the heavy-hole and light-hole valence bands away from the
good, but not good enough to unseat the industry standardsone center. More recently, Szmulowizand Szmulowicz
Therefore, work is being directed towapdtype QWIP’'s and and Browr! expanded the work of Chang and James by
toward alternative material systems in an effort to improveusing an eight-band envelope-function approximation, and
performance. The use of acceptor-doped GaAs quanturshowed that the admixture of the spherically symmetric con-
wells takes advantage of the inherent band mixing in theduction band into the quantum-well states strongly enhanced
GaAs valence-band quantum well to overcome the normahormal incidence absorption. Furthermore, SzmuloWide-
incidence selection rule limitations ofi-type QWIP’s>  rived a general expression for the momentum matrix ele-
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ments in the eight-band envelope-function approximation. split-off energy of GaAs is relatively large840 me\}, the

In their work with the eight-band envelope-function ap- Ga _,In,As,P; _, valence-band offsets can be comparable in
proximation, Szmulowicz and Brown utilized the fact that energy, especially for compounds close tq, G, 4. This
for a flatband condition in a symmetric quantum well, theforces the bottom of the split-off quantum well—i.e., the
wave function of the system is an eigenstate of parity. Theyjuantum well formed by the split-off bands—to be closer to
determined the bulk band structure separately for the welhe top of the standard quantum well—i.e., the quantum well
and barrier of the quantum well, and then formed eigenstateg,rmed by the light- and heavy-hole bands. One side note
of parity by linear combinations of the bulk bands. By using 5ppropriate at this time is that because these are valence-

p_Iacmg an arbitrary, nonphysu_:al enc_losure |r_1to their anql in most cases. However, it is most convenient to speak of the
sis. However, they have published information concernln%z/I

v int bband ab tion f lenaths | th ighest negative energies inside a valence-band quantum
only intersubband absorption Tor wavelengins longer than g o a5 the top of the quantum well. Consequently, the low-
um, effectively ignoring the influence of the spin split-off

band. Thi traint is virtally i tial for th est negative energies inside a valence-band quantum well are
G?SA ./A 'é cons ral\r;v”:l‘? \f['rr] utatg lnconseq_uenlla;_ or dethe bottom of the quantum well. Using this convention, a list
mea:uri'?ia algh7AA3 850 7ASS thae spier)( ;A;Jeli[[eof?lrg:naclj”?g :S of the quantum-well edges in order of decreasing enéogy
proximately 320 meV below the heavy- and light-hole en-nereasing negative enengpf a typical GaAs/AGa As

ergy level at the zone centdr.However, in Ggs Ny o quantum well would be, first, the bottom of the standard
; L e 517104 ntum well; nd, th f th ndar ntum well;
lattice matched to GaAs, the spin split-off band is only 94qua w ell; second, the top of the standard quantu et

meV below the heavy- and light-hole energy level at zon third, the bottom of the split-off quantum well; and, fourth,

i d thus its infl i tates | he top of the split-off quantum well.
g?rgfgré:in us 1ts Influénce on continuum sStates IS MUC 1,0 go00nd reason that an eight-band Hamiltonian is nec-

. essary is that the spin split-off energy of barrier compounds
nis1r;1hsei;eps-l:;tp?eoagsgtiﬁrr?r\}vse}g Tvﬁ;jgletgfezgigguiﬁntr:gef%rl‘_ais typically small especially for those compounds close in
lowing manner. Section Il will briefly detail the theoretical composition to GgsNg.a. Thus the perturbation caused by

d tational techni d herein. Section Iii .Ifhe split-off quantum well cannot be ignored. There is a
and computational techniques used nerein. section i W'.smooth, compositionally dependent transition  of
present theoretical results of intersubband absorption i

'3361 In,As P spin split-off energies from GaA$340
GaAs/ALGa, _,As superlattices for comparison with other — =% * =y
published results, and as a reference by which th (MeV) (o Gays,ing 4 (94 me). Therefore, the closer that a

%ompound is to Gggilng 4P, the closer the spin split-off

Gay_InAs,Py re_:sults can be gau_ged. Section IV wil band is to the heavy-hole-light-hole zone-center valence-
compare theoretical and experimental results for,

GaAs/Ga o i, . superlatiices, and present an explanatio band maximum. This means that the closer a barrier com-
- ®©.51770.4 X N 7 ._'pound is to GasqIn , the closer the top of the split-off
for their behavior. Section V will perform a similar anaIyS|srb 8silMo.ad? P P

. quantum well is to the top of the standard quantum well. The
of quaternary-ternary, binary-quaternary, and fully

. .7 closer a well compound is to Galng 4, the closer the
quaternary-quaternary @aln,As,P;_, s_,uperl_attlces. It will bottom of the split-off quantum well is to the bottom of the
be shown that the influence of the spin split-off band has &tandard quantum well
greater effect on these devices than it does y

. X The Kane Hamiltonian expressed across fké), [Y1),
GaAs/ALGa, _,As dew_cesz and that carefu_l ch0|ce_ of |Z1), and|ST) zone-centered Bloch functions and their time-
Ga,_In,As P, _, materials in the well and barrier can either

L=x > X reversed conjugatéX|), |Y]), |Z]), and|S|) was used as
minimize or maximize the effect of the split-off band. the starting poirtf of this analysis. However, this Hamil-

tonian is by definition a bulk Hamiltonian, and an additional
computational technique is necessary to make it appropriate
for use with quantum wells. The eigenfunction expansion
As presented by Chang and Jaméds sufficient to dem- method was chosen for the evaluati§my this method, the
onstrate normal-incidence absorption pitype quantum eigenfunctions of the Kane Hamiltonian are expanded as a
wells by using the four-band Luttinger-Kohn Hamiltonian, discrete Fourier transform across a set of functions periodic
which is expressed across the two time-reversed components the superlattice period. This places a periodic boundary
of both the heavy- and light-hole bands. However, Szmulow-<ondition on the analysis, but, in any QWIP, the photodetec-
icz and Brown'! using the eight-band Kane Hamiltonian, tor is constructed of periodic superlattices making a periodic
were able to demonstrate an additional absorption mechdoundary condition well suited to the analysis. Unfortu-
nism due to the admixture of the spherically symmetric con-nately, this periodic boundary condition does force an artifi-
duction band into the quantum-well states. Forcial quantization on the analysis. This artificial quantization
Ga,_In,As P, _, superlattices, there is even greater reasowill not be noticeable for bound states in the quantum well,
to use the eight-band model. The spin split-off band inbut it will be apparent in the continuum above the barriers,
Ga,_In,As P, _, compositions lattice matched to GaAs which, rather than being a perfect continuum will resemble a
plays an important role in the band structure and opticahuge set of discrete states separated by a few meV. An infi-
matrix of a quantum well for two principal reasons. nite number of expansions would result in a perfect replica-
First, the valence-band quantum wells of thetion of the continuum, but this is impossible for a computer.
Ga,_,In,As P, _, system are, in general, deeper than thoséNevertheless, appropriate selection of the number of expan-
of the AL,Ga,_,As system. In spite of the fact that the spin sions and the width of the superlattice period will minimize

Il. METHOD OF CALCULATION
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the effect of this artificial quantization.
A general form for the momentum matrix in thex8
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TABLE I. Material parameters used in the simulations.

envelope-function approximation has been derived by Szmu- GaAs InAs InP GaP GalnP
lowicz for eigenfunctions in real space. This equation take 151 e\A 20 e\
into account all interband and intraband optical transitions 9 ot € P
ossible in a semiconductor quantum well. From Ref. 10 A 340 me 380 meV 108 meV 80 meV 94 meV
P q ' T oy 6.8 19.67 6.28 420 5.21928
) v, 210 8.37 2.08 0.9¢ 1519
f f o ¢ ¢ & g
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erified experimentally.

bD. Gershoni, C. H. Henry, and G. A. Baraff, IEEE J. Quantum
Electron.29, 2433(1993.

‘Reference 15.

dinear interpolation from binaries.

°F. Omnes and M. Razeghi, Appl. Phys. Lé&$, 1034(1991), and
references therein.

Pi1((2)=Pi s, +[Pi s, —Pi,]10(z—2), )

whereF; ¢ are the real-space eigenfunctions of the initial andyhere ©(z—z,) is a step function. The variablg, is the

final states, and® andQ are the interaction matrices which

position of the heterostructure interface, a®dz—z,) is

are determined by the first and second derivatives of thgqual to zero on the left side aj (in the first material and
Kane Hamiltonian. Unfortunately, this equation is not aPPro-gqual to 1 on the right side o, (in the second material

priate for the eigenfunction expansion method, since th%quation(s) shows thaP
eigenfunction expansion method converts the eigenfunctions

into reciprocal space. Therefore, it was necessary to rederiv;

Eq. (1) into a form more suitable to the computational tech-
nique. The result of the derivation is

h 2mj
— . = * A . — .
Mo eP 2 JEJ' Ff,JFI,j r <Pl,f,0+ 7 )Ql,f,o)
N .
2]
+ > | (Pitn—Piso+ — )
n=2

Zrn—4n
X(Qi,f,n_Qi,f,O))M#”

1
Xéj’j,+277i(j—j’) nZZ[(Pi,f,n_Pi,f,O)
m(j+]j")
+( — (Qi,f,n—Qi,f,w”
X(ezﬂ(j_jI)(Zr,nlz)—eZWi(j—j’)(Zl,n/Z))}’ )

wherej and |’ are integers which come from the discrete
Fourier expansion of the initial and final statés; , andF;;,
are the reciprocal space eigenvector elementg;and z, ,

i {(2) is a constant on either side of
, and that it changes instantaneously at the interfgcén
superlattice, the equation describing the spatial dependence
of P; ¢ is more complicated, but, in principle, it is the same
as Eq.(3). The elements of the interaction matrices are
viewed as constants in each well or barrier region, and those
constants are considered to change instantaneously at the in-
terface between any two layers.

The absorption coefficient was determined from the opti-
cal matrix by the equation

q2

(@)= ncmywly

g f dk27k|P|*fo( E¢ ,Ey)
r

X (Ef_Ei_ﬁ(x))z_Fz

4

whereL,, is the width of the welln is the refractive index;

is the speed of lightm, is the free-electron mas$y is the
Fermi function, and” is a broadening factor chosen to be 7
meV 2 The absorption coefficient was evaluated by assuming
a cylindrical symmetry irk, space, and evaluating only along
the (11) direction. This assumption is inconsequential to the
analysis. The use of a single artificial broadening factor for
bound-to-continuum transitions like these, when coupled

represent the position of the right and left interfaces of layewith the periodic boundary conditions of the eigenfunction
n in the superlattice period, and represents the width of expansion method, breaks the absorption coefficient into a
superlattice period. Finally?; ¢ , andQ; ¢ , are the elements number of sharp peaks at shorter wavelengths. This minor

of the interaction matrices for layer determined from the
Hamiltonian. The elements of tHe andQ matrices are con-

inconvenience could be overcome by adjusting the broaden-
ing factor or the superlattice period. However, this was not

sidered to be stepwise continuous across each period of tlone in the present analysis.

superlattice. For example, in a simple heterostructure,

Table | lists the material parameters used in the simula-
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FIG. 1. The bound states of the standard quantum dight-
hole—heavy-hole quantum welfor a GaAs/Ab Ga, As QWIP FIG. 2. The calculated absorption coefficient for the 50 A/500 A
with 50-A-wide wells and 500-A-wide barriers. The results are GaAs/Al GayAs QWIP including the influence of the split-off
identical to those published for the same quantum well in Ref. 10band. The knee at approximately &#n is due to the artificial
The x axis is in inverse Bohr radii to facilitate compariscime broadening. The vertical line indicates the onset of split-off
Bohr radius is 0.529 177 & extended-state absorption. Split-off absorption between 4 and 2.75

pm is bound, and does not contribute to the photoresponse.
tions. Bulk band gaps were determined by experiment usin
photoluminescence and photovoltaic spectroscopy. Spi

orbit splitting parameters and Luttinger parameters Wergnev). Our analysis extends below #m, and includes the
taken from literatur®’ for the binaries GaAs, GaP, INAS, influence of the spin split-off band.

and InP. For ternary and quaternary compounds, the same |t would appear from first glance at Fig. 2 that the influ-
parameters were determined by linear interpolation from thence of the split-off band should have been observed experi-

binaries. The conduction-band effective mass of quaternannentally, since it would seem that such an absorption would
compounds was determined by linear interpolation betweegontribute significantly to photoresponse. However, an

laces the split-off absorption at wavelengths shorter than
approximately 4 um (—125 me\W—190 me\=—315

GaAs and Ggsilng 44P- analysis of the decomposition of the eigenstates into their
heavy-hole, light-hole, and split-off components shows that
1. GaAs/Al 5 {Gag As QWIP’s eigenstates with greater negative energies th&i5 meV

consist mainly of split-off states. Unfortunately, due to the

The photoresponse @f-type GaAs/A|Ga,_,As QWIP’s  |arge spin orbit splitting energy in the fJGa, -As barrier
has been reported on a few occasibhs™ The most in-  (~320 meV, all states with negative energies smaller than
depth analysis, including both experimental results and theo-125 meW —320 meV=—445 meV are bound inside the
retical work, was done by Szmulowicz and Browrt?Their  split-off quantum well. Since these states are confined,
analysis included the band structure and absorption coefficharge carriers excited to these states cannot contribute sig-
cient of a QWIP with 50-A-wide wells of GaAs, and 500-A- nificantly to the measured photoresponse signal. This leaves
wide barriers of A} 5Ga, ;As. Using the material parameters only the unconfined split-off extended states, with negative
given by Brown and SzmulowicZ an identical analysis was €nergies greater than the top of the split-off quantum well, to
performed by the eigenfunction expansion method. contribute to photqresponse, gnd those states begin around

Figure 1 shows the resultant band structure in @E 2.75 oum. It is obvious from. F|g 2 that, for Wa.V.elengthS
direction. To facilitate comparison, the axis in Fig. 1 is shorter than 2.75um, the optical absorption resulting from
given in inverse Bohr radii as was done in Ref. 12. Ninethe m_fluence of the spin split-off l_aand is V|rtu_ally inconse-
expansion functions were all that was necessary to reacfi/éntial when compared to optical absorption at longer
convergence for the bound states. However, since in th}gavelengths .Wh"?h results from I|ght—hol_e extended states.
eigenfunction expansion method higher-energy states take [ Sonclusion, it can be seen that the influence of the spin

. : T split-off band has no effect on the optical absorption of

more expansions to settle into their final value, 25 expan:

. L -type GaAs/A|Ga, _,As QWIP’s at the longer wavelengths
sions were eventually used to ensure proper determination %ryv?/hich theéé daété(ctor(s? were designed.gMoreover %ue to
the continuum bands. Y

the depth of the split-off quantum well, there will be no
- (Gs , Significant contribution to photoresponse at shorter wave-
superlattice in the11) direction. Again, the results are Very |gngths. Therefore, in agreement with previous research, the

similar to tho§e of Refs. 11 and 12. However, the shortesgpm_off band does not play a major role in the photore-
wavelength displayed in Refs. 11 and 12 was approxmatel)éponse ofp-type GaAs/A} Ga, As QWIP's112
5 um. This is not high enough in energy to see the influence ' '

of the spin split-off band. Figure 3 shows the zone-centered IV. GaAs/Ga; _yIn,P QWIP's
guantum-well energy levels of the GaAs§AGa, ;,As QWIP _
in question. The influence of the spin split-off quantum well A. Experimental results

will not be felt for nearly 190 meV below the top of the  Three multiquantum-well infrared detector structures
Al Ga, ,As barrier (i.e., higher negative energy This  were grown on semi-insulating GaAs substrates by low-
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FIG. 4. The spectral response of the three different
FIG. 3. A graphical depiction of the standard quantum WelIGaAS/G@.51|no.4d° QWIP samples under a bias of approximately

(formed by the bulk light- and heavy-hole bandsd the split-off 10 v. Note first the separation between the cutoff wavelength and
quantum well (formed by the bulk split-off bandsfor a  the peak wavelength. Note also the change in shape with decreasing
GaAs/Ab Ga 7As quantum well. Of importance is, first, the sepa- well width that occurs for the longer wavelengths.
ration between the bottom of the split-off quantum well from the
top of the standard quantum well and second, the depth of the
split-off quantum well. Both contribute to the reduction of split-off

absorption inp-type GaAs/A} Ga, As QWIP’s. with the experimentally determined cutoff wavelength for

near-zero-bias conditions. The agreement is good. Also of
note in Fig. 4 is the broad spectral response and the apparent
pressure metal-organic chemical-vapor deposition. Eacheak at short wavelength. These features are unique to this
structure contains 50 GaAs quantum wells separated by 280ype of QWIP. QWIP’s based on other material systems such
A-wide Gag, 5,In, 4P barriers. This superlattice is cladded be-as GaAs/AlGa _,As typically display a narrow spectral re-
tween thick GaAs layers used for t@p.5 um thick) and  sponse, especiallyn-type QWIP's! but even in p-type
bottom (1 um thick) contact. All GaAs layers were doped GaAs/ALGa,_,As QWIP’s, the peak wavelength is usually
with zinc to a net acceptor concentration of 2«18 cm™3,  within approximately 30-50 meV of the cutoff
Different GaAs well widthg25, 35, and 55 Awere used for wavelength'?

the three different structures. Structural parameters were

verified by x-ray diffraction and simulation. The individual 504
detector mesa&00x400 um?) were fabricated using pho- ]
tolithography and wet chemical etching, and AM0-um? 4.8+

square Au/AuZn electrodes were evaporated and alloyed on
the contact layers. Small arrays of these detector mesas were
mounted on copper heat sinks, and front illuminated inside a
liquid-nitrogen cryostat.

The normalized spectral responses for all three samples
at a bias of approximately 10 V, are shown in Fig. 4. There g
are a number of noteworthy features in these spectra. FirstE
the cutoff wavelength increases with decreasing well width,

46 —e— Kronig-Penney Model
—e— Kane Model
X Experiment

response
Cutoff Wavelength (um)

as expected from theory. As the ground-state energy is 364 e

pushed to higher negative energies in the well with decreas- x e —e—g
ing well width, the energy required to escape the well de- 347

creases. In order to simulate this shift in the wavelength, the o 4 e s 10
cutoff wavelength is defined as the wavelength correspond- Well Width (Angstroms)

ing to the energy difference between the heavy-hole ground

state at the zone center and the top of the barrier. Using an F|G. 5. A plot of the theoretically predicted and experimentally
effective-band-offset ratioXEc/AEQ) of 30%, this simula-  measured cutoff wavelengths for the different GaAg/Giag 4
tion was performed using both a simple Kronig-PenneyQwipP's. Both the Kronig-Penney model and the Kane model were
modef® and the more advanced Kane motfeFigure 5 used for the theory. The agreement is good farEec/ AEg ratio of
shows the results of these simulations and compares theB0%.
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0.0 0.0
Gay 5,In, ,oP GaAs Gay 5,In, 6P
Barrier Well Barrier
-50.0
A a)
HH1~ -100.0
Standard 19 meV = -150.0
Quantum \ AGaAs~ 2 !
Well 340 meV E
Standard P -200.0
quantum well E ]
barrier height ~ K 250,04 ~e. 4 2500
345 meV
v -300.0 4 < -300.0
Split-off - E T Barri
Quantum \ IAG%S’:::;{;’P .350.0 of Barrier 3500
We“ T L) T T L] ] M
———————————————————————— 0.12 0.08 0.04 0.00 0.04 0.08 012
k A-l<ll> l(//A-l <i>
1
Gaf;;lrln'f‘gfp gvagls Ga%:rln'.'g;ﬂp FIG. 7. The band structure of the GaAs{Gang 4P QWIP with
“— ) b) 55-A-wide wells using both the true simulatigright-hand sidg
and the second simulation with the split-off band removiedt-
Standard hand sid¢ The bound light-hole bands are listed LH1, LH2, and
Standard quantum well s
Quantum barrier height ~ LH3. The energy level of the top of the quantum-well barrier is
Well g | A=500meV : 345 meV indicated. The continuum states are those states whose zone-center
(k;=0) energy is below the top of the barrier. Note that the con-
tinuum states on the left are more parabolic, and show no anticross-
y ing behavior.

_ the top of the standard quantum well and imparts a boundlike
Split-off A=500 meV nature to the split-off components of these states. In the case
Quantum R . .

wel 4 of the second simulation shown on the left of Fig. 7, the

------------------------------- more tightly bound quantum-well states like the heavy-hole
ground state are unaffected by the removal of the split-off
band, but the higher-energy states near the top of the stan-
dard quantum well are changed, especially away from the
zone center. Moreover, the continuum states below the stan-
eg)ard quantum well are much more parabolic in the second
simulation, indicating that these states are more like the con-
tinuum of an ideal quantum well.

Figure 8 shows the absorption coefficient as a function of
wavelength for both simulations. The graph on the t@ps
for the true simulation. There are a number of important

Two different simulations were performed for each of thefeatures consistent between the experimental photoresponse
GaAs/Ga siing 4 samples. The first simulation was true to and the calculated absorption spectra. The most basic of the
reality and will be referred to as the true simulation. In otherconsistencies is the cutoff wavelength, which was described
words, the Luttinger parameters, energy gaps, and spin-orhitreviously. In addition, the simulation reveals significant ab-
splitting parameters were all accurate to experimental valuesorption over a broad spectral range which is consistent with
and to literature. In the second simulation, the same accuradie observed photoresponse. What differs, however, is the
was used for all parameters except for the spin-orbit splittingpresence of significant absorption at 3.t which is not
parameters, which were increased to 500 meV for both theeflected in the photoresponse. This can be explained simply
well and the barrier. The purpose of this second simulatioras a bound state inside the split-off quantum well. The
was to remove the influence of the spin-orbit band, and tdeavy-hole ground-state energy is located 22.6 meV below
gain a greater insight into the physical mechanisms involvedhe bulk valence-band maximum at zone center. Therefore,
in optical absorption. Figure 6 shows schematics of the quarwith a barrier height of roughly 345 meV, the minimum
tum wells used in the two simulations. energy required for a hole to be excited into the continuum is

Figure 7 shows all of the bound states inside the standardbout 322 meV or 3.87um. Similarly, the onset of spin
quantum well for both simulations of a GaAsGzany 4  split-off extended states is related to the energy difference
QWIP with 55-A-wide wells. The results on the right-hand between the heavy-hole ground state and the top of the split-
side of Fig. 7 are for the true simulation. Also shown in thisoff quantum well. Since the spin-orbit splitting energy of the
figure are the first of the continuum states below the barrierGa, 54ng 4P barrier is approximately 94 meV, the onset oc-
Note that this continuum state is not parabolic in the truecurs at 416 meV or 2.98&m. Therefore, the peak at 3m
simulation, but rather displays some anticrossing behaviomust be inside the spin split-off quantum well. Further con-
typical of a bound state. This behavior results from the presfirmation comes from a weight decomposition of the eigen-
ence of the spin split-off quantum well, which is located atstates into their heavy-hole, light-hole, and split-off compo-

FIG. 6. A graphical depiction of the standard quantum well
(formed by the bulk light- and heavy-hole bah@sd the split-off
quantum well(formed by the bulk split-off banddor the two dif-
ferent simulations of the GaAs/G@alng 4 QWIP’s.(a) is the true
simulation, and represents what is actually present in these devic
(b) is accurate to reality in all but the spin-orbit splitting energy,
which is increased to remove the effect of the split-off band.

B. Sample 1: The 55-A-wide well
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a) In conclusion, it can be seen from the two simulations that
the broad spectral response is due to the influence of the
split-off band. In this case of the GaAs/gGalng 4 QWIP
with 55-A-wide wells, there is significant absorption be-
tween the cutoff at 3.8um down to approximately 1.5—-2
pum. However, weight decomposition analysis showed that
the significant absorption contribution at wavelengths longer
than 2.98um was due to bound split-off states. The second
simulation showed that the light-hole extended state absorp-
tion that remained after the split-off band was removed was
insignificant. Thus significant photoresponse can only occur
for wavelengths shorter than 2.98n, which correspond to
transitions between the heavy-hole ground state and split-off
extended states. This analysis is very consistent with the ob-
served photoresponse spectrum, which shows a cutoff wave-
length around 3..um, very little photoresponse between 3.5
and approximately 2.&m, and then a sharp increase in pho-
toresponse which appears to peak aroundi2rb

2000 —

Absorption Coefficient (cm -1)
(True Simulation)

C. Sample 2: The 25-A-wide well

. : . Looking again at Fig. 4, it is obvious that the short-
L5 20 25 30 35 4.0 wavelength features of the three photoresponse spectra are
Wavelength (um) very similar. This is to be expected since they are all
GaAs/Ga siing 4 superlattices and, therefore, are all sub-
FIG. 8. The calculated absorption coefficient for the ject to the strong influence of the close split-off band. In
GaAs/Gg sing.P QWIP with a 55-A-wide well.(a) The true  particular, peak photoresponse should depend strongly upon
simulation. The arrow indicates the bound split-off state that cannoheavy-hole ground state to split-off extended-state transi-
contribute to the photoresponse. The number 1 indicates the randgns. However, as the width of the well is narrowed in Fig.
of split-off extended-state absorptioth) The second simulation 4, not only does the cutoff wavelength shift, but also the
removing the split-off band. The arrow indicates the small light- magnitude of the photoresponse at longer wavelengths in-
hole extended-state absorption at long wavelengths. creases significantly. Further analysis is needed to explain
this change in the photoresponse cross section.
nents. This decomposition reveals that the states around 3.5 A band structure analysis of the 25-A-wide well indicates
um are dominated by split-off components. Due to the relathat the heavy-hole ground-state energy is 73.7 meV below
tively heavy mass of the holes, the likelihood of tunnelingthe bulk zone-center valence-band maximum. This means
out of the split-off quantum well is small. So, in spite of the that, for the approximately 345-meV valence-band quantum-
significant absorption, at 3.am there will be no contribu- well barrier height, the cutoff wavelength is about 4
tion to photoresponse. FiguréaB also shows that the highest (or 271 meV. Similarly, the onset energy for transitions to
absorption occurs for energies below 3utn. This wave- the split-off extended states now occurs at 365 meV or ap-
length is consistent with the first of the unbound split-off proximately 3.4um. Therefore, the peak in the photore-
extended states. sponse which occurs at approximately 34 (Fig. 4) is
As an additional test of the influence of the spin split-off clearly in the same energy range as the split-off quantum
guantum well on the bound-to-continuum photoresponse, avell. For reasons described in Sec. IV B, this peak response
second simulation was run using an artificial spin-splittingcannot be attributed to the split-off absorption. There must
energy of 500 meV for both well and barrier materials. Thebe other transitions to consider in the case of the 25-A well.
results of the second simulation are shown in Fign).8In The band-structure analysis shows that the second light-hole
this case, the split-off absorption has been shifted to wavestate was pushed into the continuum of the standard well,
lengths shorter than 2 /mm, which is the wavelength consis- and is in the energy range of the split-off quantum well. In
tent with the bottom of the “new” split-off band. The ab- addition, there is only one split-off bound state, located near
sorption that remains in the photoresponse range of ththe top of the split-off quantum well.
QWIP (see Fig. 4 can be attributed to transitions to light-  To separate the effects of these two possible transitions,
hole extended states in the continuum of the standard quasimulations with and without a nearby split-off band were
tum well. Looking at the band structures in Fig. 7, it is carried out, as was described for the 55-A QWIP. Figure 9
readily apparent that the fourth light-hole state is the firstshows the absorption coefficient calculated for a
light-hole extended state. The coupling between the heavycaAs/Ga s Iny . QWIP with 25-A-wide wells using both
hole ground state and the fourth light-hole state is minimalsimulation techniques. Once again, removing the split-off
Therefore, there is little absorption between 2.5 and 3.8band reveals the presence of light-hole extended-state ab-
um. This is significant because transitions to light-hole ex-sorption. This time, however, since the second light-hole
tended states could have contributed to photoresponse, evstate is now in the continuum of the standard quantum well,
though these states are within the energy range of the splithe absorption at longer wavelengths is significant. There-
off quantum well. fore, Fig. 9 reveals that the spectral shape of the 25-A QWIP

Absorption Coefficient (cm -1)
(Split-off Band Removed)
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FIG. 10. The room-temperature band gap and split-off energy as
a function of composition lattice matched to GaAs.
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tor is the band-offset ratio, which was set to 0.3 for the
GaAs/Ga s1ng 4P QWIP's to fit the theoretical cutoff wave-
lengths to experiment. It is necessary to determine if this
ratio remains constant throughout the,Gdn,As P; _, ma-

FIG. 9. The calculated absorption coefficient for the t€rial system. _
GaAs/Gg slng..P QWIP with the 25-A-wide well(a) The true A quaternary QWIP series was grown to answer these
simulation. The number 1 indicates the range of light-holequestions. First, a GaAs/@ging 3gAsy 2.7 QWIP was
extended-state absorption. The number 2 points to the split-offrown, which reduced the band gap of the barrier material by
bound states. The number 3 indicates the range of split-offpproximately 100 meV from that of Galng 4 (sample
extended-state absorptiofin) The second simulation removing the A). Second, a Gardng 21ASg 5dP0.47/G& 51Ng 4P QWIP was
split-off band. The number 1 indicates the significant light-hole grown, which increased the band gap of the well material by
extended-state absorption at long wavelengths. approximately 100 meV over that of GaAsample B. Fi-

nally, a Gg 79N 2:ASy.56%.41/Ga 64M0.38AS0 20,78 QWIP

results from the dual influence of split-off extended-state abwas grown to extend the cutoff wavelength to approximately
sorption (below 3.4 um) and light-hole extended-state ab- 10 um (sample G.
sorption(above 3.4um). It is interesting to note that the ratio ~ All three devices were grown by low-pressure metal-
of the peak light-hole extended-state absorption to the peatirganic chemical-vapor deposition with 50 periods of 30-A-
split-off extended-state absorption, as calculated in the truwide wells and 300-A-wide barriers. The superlattices were
simulation, is very close to the observed intensity ratio of thesandwiched between top and bottom contacts of GaAs with
long- and short-wavelength peak magnitudes in the photorghicknesses of 0.5 and 1m, respectively. The doping con-
sponse measurement. centrations in the wells and in the contacts were kept at ap-
proximately 3<10' cm 3,

The normalized photoresponse of the three quaternary
QWIP’s is shown in Fig. 11. The cutoff wavelengths of

In order to extend the cutoff wavelength of the samples A and B are virtually identical, at approximately 6.5
Ga,_,In,As P, QWIP’s to wavelengths in the 8-12m  um. This is important because it implies that the band-offset
atmospheric window, it is necessary to lower the barrieratio is a constant and not dependent on material composition
height. Since GaAs and Galng 4P represent, respectively, within the Ga_,In,As,P,_, material system. For a
the low and high band-gap energy extremes of the quaternagonduction-band offset ratio of 0.3, reducing the band gap of
material system, the extension of the cutoff wavelength camhe barrier by 100 meV will reduce the barrier height of the
be accomplished in two ways—either through the introducstandard quantum well by 70 meV. Similarly, increasing the
tion of quaternary material into the barrier, thereby reducingoand gap of the well material by 100 meV will reduce the
the band gap of the barrier, or through the introduction ofbarrier height of the standard quantum well by 70 meV. If,
guaternary material into the well, thereby increasing the bantiowever, the band-gap offset ratio had not been a constant,
gap of the well. then reducing the band gap of the barrier or increasing the

It is important to determine the relative merits of theseband gap of the well would have had no predictable conse-
two approaches. Of particular importance is the influence ofuence on the cutoff wavelength of the QWIP.
the split-off band. Figure 10 shows both the band-gap and Despite the similarity in cutoff wavelength, the spectral
split-off energy of quaternary material lattice matched toshapes of these two QWIP’s are otherwise different. The
GaAs as a function of composition from GaA8.0) to  photoresponse of the GaAs/Gang 3gASy 2P0 78 QWIP rises
Gay 5ilng.4f (1.0). Clearly, as compositions move closer to sharply to a peak around 4. It then begins to drop off as
GaAs, the split-off energy increases. Another important facexpected for a typicagd-type QWIP photodetector. However,

15 20 25 30 35 40 45 50
Wavelength (um)

V. QUATERNARY SUPERLATTICES
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FIG. 11. The photoresponses of the three quaternary QW '$he GaAs/ Gggidng 3gASg 20,78 QWIP. (b) The Ga 7dng 21ASg 58P0 47
G&y 51lNg 4P QWIP.(c) The Ga 7dng 21AS0 580.47 G 64N0.36AS0 207078 QWIP.

somewhere between 3 and 4m it rises again peaking contribute to photoresponse without tunneling, and the fact
around 2.5um. Unfortunately, the exact position of the onset that the second light-hole state is in the continuum makes the
of this second rise is obscured by water absorption present ioptical absorption strong. The long-wavelength response of
our Fourier-transform spectrometer. The photoresponse a&fample B results from a combinations of two possible optical
the Ga 7dNg.21AS 50.47G & s11Ng.aP QWIP, on the other transitions. One transition involves the third light-hole state,
hand, has a much more gradual rise peaking between 3 amchich has a smaller coupling strength to the heavy-hole
3.5 um, displaying no unexpected features. ground state than an unbound second light-hole state does.
The differences between the photoresponse spectra dhe other transition involves bound states in the spin split-
samples A and B is similar to the differences betweeroff quantum well, which have a stronger optical coupling
the 25-A GaAs/Ggsing.P QWIP and the 55-A than the equivalent transition to an extended state. This fac-
GaAs/Ga gilng 4P QWIP. Reducing the band gap of the bar-tor, combined with the weak coupling to the light-hole ex-
rier material in sample A has two effects. First, from Fig. 10,tended state, results in a photoresponse that is again domi-
it increases the spin splitting energy of the barrier. Second, ihated by the split-off extended states.
allows the second light-hole state to sit in the continuum The final QWIP grown in this series was a fully quater-
between the top of the standard quantum well and the bottomary Gg ;dNg »:ASq 580,417 G 64Ng 3830 20,76 QWIP. Fig-
of the split-off quantum well. In sample B, the presence ofure 13 shows a schematic band diagram of the quantum
the split-off quantum well at the top of the standard quantumwells in this device. As the figure indicates, there are two
well pushes the second light-hole state into the standardossible absorption mechanisms in this QWIP—bound to
guantum well, making it a bound state. Figure 12 shows théight-hole extended-state transitions at lower ener¢@syer
calculated absorption coefficients for each of the three dewavelength, and bound to split-off extended-state transitions
vices. at higher energies. Figure ) shows the actual photore-
The long-wavelength absorption of sample A is able tosponse of this device, which shows significant photoresponse
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Lc) FIG. 13. A graphical depiction of the standard quantum well
% (formed by the bulk light- and heavy-hole bandsd the split-off
3 quantum well (formed by the bulk split-off bandsfor the
2 [ Gay 7dNo.21AS0.56P0.47G&.64N0.384S0.2P0.78 QWIP. Due to the nar-
4000 row well width and the small barrier height of the split-off quantum
3000 well, this device exploits both the split-off extended-state and light-
2000 | hole extended-state absorption, making it photorespond over the
1000 [ range of 2—1Qum.
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VI. CONCLUSION

A detailed theoretical analysis compared with the binary-

FIG. 12. The calculated absorption coefficient for quaternaryternary, binary-quaternary, guaternary-ternary, and
QWIP’s with 30-A-wide wells all done with true simulationg) quaternary-quaternary GaIn,As,P;_, QWIP’s grown in
The GaAs/Ggelno. 3ghso.24%.7s QWIP. The number 1 indicates the our |ab has revealed the strong influence of the split-off band
range of light-hole extended-state absorption made significant by these aluminum-free QWIP’s. These devices are capable
the presence of the seconq light-hole state in the continuum.. Thsf a very broad range of spectral response depending on the
number 2 points to the split-off bound states. The number 3 indixpgice of well and barrier material. Moreover, the choice of
cates the range of split-off extended-state absorpt(m._The well and barrier material also influences the location of the
G.7dN0.21AS0.560.4/ C.silNo.4g? QWIP. The number 1 indicates i ot 01antum well. By keeping a GaAs well and choos-

the range of light-hole extended-state absorption made insignificanttﬁ s f :
. . : ing a quaternary barrier, it is possible to reduce the influence
by the binding of the second light-hole state in the standard quan- o split-off band, since the splitting energy of the barrier

tum well. The number 2 points to the split-off bound states. The . ) th d | to GaA
number 3 indicates the range of the split-off extended stet&he region increases as the compound moves closer 1o S-

G&y 7dNg 21AS0 590.41 G 64MN0.35AS0.250.78 QWIP. The number 1 Thus, by using GaAs/Ga,dnAs,P; _, quantum-well mate-
indicates the range of the light-hole extended state. The number @IS, the result would be long-wavelength infrared photode-
indicates the range of the split-off extended state. tection based on absorption dominated by bound-to-light-

hole extended-state transitions, similar tg-type
GaAs/A| .Ga ;As QWIP’s. However, it is also possible to
! , , keep a ternary barrier and choose a quaternary well which
from 2.5 to 10um. Note first that just below mm, there is \yqy1q achieve long-wavelength photodetection based on ab-
an increase in absorption which peaks around @®% and  sorption dominated by bound to split-off extended-state tran-
then begins to drop off. This is the split-off extended-statesjtions. Finally, broad spectral response is possible through

absorption. All photoresponse at wavelengths longer than fhe simultaneous exploitation of both absorption mecha-
um is due to the light-hole dominant absorption above thehjsms.

standard barrier. The reason that there is little separation be-
tween these two absorption regions is because the well is too
narrow pushing the resonant state to higher negative energies
far below the top of the standard quantum well. Liu demon- The work at Northwestern University was supported by
strated that the resonant statenitype quantum wells needs Air Force Contract No. F33615-93-C5382 through the Kopin
to be very close to the top of the barrier or the spectralCorporation. The authors would also like to acknowledge Dr.
response broadens, and the peak shifts to shortéBerald L. Witt from the U.S. Air Force Office of Scientific
wavelengtht” The same holds true fop-type QWIP's!!  ResearcHAFOSR for his encouragement, and Dr. Murzy
Figure 12c) shows the calculated absorption coefficient forJhabvala of NASA’s Goddard Space Flight Center for his
this device. Note that the peak long-wavelength absorptioenthusiastic support of this project. The authors would also
occurs around &m for the simulation, placing the resonant like to acknowledge the efforts of Christopher Jelen, Steven
state approximately 50 meV below the top of the barrier.Slivken, Seongsin Kim, Matthew Erdtmann, and E. Bigan
This high-energy resonant state broadens the spectral rér their work on the growth of these devices. Finally, the
sponse of the light-hole-dominated absorption at long waveauthors would like to thank Dr. Frank Szmulowicz for help-
length. ful conversations.
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