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We have adopted a binary superlattice structure for long-wavelength broadband detection. In this
superlattice, the basis contains two unequal wells, with which more energy states are created for
broadband absorption. At the same time, responsivity is more uniform within the detection band
because of mixing of wave functions from the two wells. This uniform line shape is particularly
suitable for spectroscopy applications. The detector is designed to cover the entireuB14
long-wavelength atmospheric window. The observed spectral widths are 5.2 apth5@ two
nominally identical wafers. The photoresponse spectra from both wafers are nearly unchanged over
a wide range of operating bias and temperature. The background-limited temperature is 50 K at 2 V
bias forF/1.2 optics. ©2004 American Institute of PhysidDOIl: 10.1063/1.1764932

The past decade has seen increased research activity riid-wavelengt®’ and long-wavelengfh'*? detection. Al-
the area of broadband quantum-well infrared photodetectorhough these SL detectors hate ~2-3 um, the respon-
(QWIPy for spectroscopy in the 8-14m atmospheric sivity spectra are sharply peaked near their cutoff
transmission window.® Development of on-chip infrared wavelength:****To further increase the bandwidth and im-
spectrometers requires broadband detector material whepgove the uniformity of the responsivity spectra, we adopted
wavelength-selective pixels are created using structures suehBSL design. In this structure, the basis of the SL consists of
as qugrgtur'n'-grid infrared photodetectors or enhanceglvo different wells separated by thin barriers. Upon infrared
QWIPs."" Initial broadband QWIP designs utilized bound- absorption, electrons from each of the two ground minibands
to-continuum transitions in multiple QWMQW) and super-  that originate from the two QWs are photoexcited to the two
Ia.ttice (SL) structures:? Thgse detectors had §pectra| band-upper minibands, thus greatly expanding the spectral cover-
widths AN of ~3 um (defined as the full-width at half- 546 The mixing of states among the unequal wells also
maximg and peak wavelengths, in the 5-10um range.  changes the energy distribution of oscillator strength. By ad-
Multistack detectors have also been mvesngated for broa%sting the BSL parameters, different degrees of mixing can
band as well as voltage tunable multicolor d_etecﬁdm- be obtained, which results in different line shapes. Therefore,
other approach 1o obtain proadbgnd detection lnvolves_MQ_ he BSL design greatly increases detector versatility for
structures where each unit consists of several QWs with dif e
ferent well widths and/or well compositiofié6 Although broadband applications.

’ In the present BSL design for the 8—14n range, we

thesg structures hiate‘. \~4.5-6um, large bias voltages are found that only a slight difference in the well widths is
required for obtaining broad response because only the . . -
shorter wavelength QWs are turned on at low voltages. Furr_1eeded, for which the respective n_1|n|b_ands are merged to-
thermore, since different QWs have different activation en_gether. Nevertheless, the BSL design is useful because the

ergies, their impedance ratio changes with temperature. Th‘setrong mlxtlngi of the nga_;ly dgetﬂgnirr]ate dsttatet§ engblzs "_ir#n"
resulting change in potential drop leads to different spectraorm spectral résponsivity within the detection band. 1he

line shapes at different temperatures. In this letter, we preser‘i’l‘e'[ecmr contains an active region sandwiched lbetween
the design and fabrication of long-wavelength broadband:1#m (top)and 1um (bottom doped GaAs contact layers.

QWIPs that employ miniband-to-miniband transitions in bi. 1he active region consists of 18 periods of alternating uni-
formly doped BSLs (Ng=4x 107 cm™ Si) with 600 A
nary SL (BSL) structures. These QWIPs havax y dop =S (INg=4 ) 0 A
~5-6um with \,~10 um and exhibit minor changes in Alo.1d5@& g:/AS blocking barriers. The BSL, illustrated in Fig.
bandwidth with bias voltage and temperature. 1, contains four units of a two well basis made from one
Superlattice detectors were first introduced by Kastalsky’O A and one 75 A GaAs well. The wells are separated from

et al® Since then, the SL design has been used for bot§ach other and from the blocking barriers by 25A
Alg ,Ga ;As barriers. The entire structure is grown on

dauthor to whom correspondence should be addressed; present addresss(?mHnsuIatmqloo)_GaAS by molecular beam epitaxy. Two

Components Research, Intel Corporation, 5200 NE Elam Young Parkwaﬁomma”y |dent|call structures were grown—one at Sandia
Hillsboro, OR 97124; electronic mail: amlan.majumdar@intel.com National Laboratories and another at IGE.
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FIG. 1. Conduction band profillack) and calculated energy leveigrey)

of one period of the binary SL structure. Alternate GaAs QWs are 70 A
(closed squargsand 75 A(open squargswide. The first and second mini-
bands,M,, and M,, both contain eight energy levels with, being the
lowest andEg the highest. The arrows indicate transitions that correspond to
the shortest and the longest possible peak detection wavelengths.

RESPONSIVITY (mA/W)

We calculated the energy levels and wave functions of 6 8 10 12 14 16
one pegioog 1%f the BSL structure using the transfer ma_trix WAVELENGTH (um)
method."~"">As shown in Fig. 1, the BSL has two mini-
bands (M; andM,) containing eight energy levels each FIG. 3. Spectral responsivity of edge-coupled detectors processed from bi-
(E;—Eg). We found that the lack of translational symmetry in nary SL wafers grown &) IQE and(b) Sandia. The applied biag,=3, 2,
the finite BSL breaks the selection rule for optical transitipns,?gsshleg I(itnoe‘;s;g db;’gir?scj?gvlﬁl ‘é";_"e the detector temperature=10 K
allowing more optical transitions than in SLs with identical
wells. The shortest and the longest possible peak detection
wavelengths are 7.am (M;E;—M,Eg) and 15.1um barrier widths’ while the smaller value ofr==0.5 meV re-
(M,Eg— M,E;), respectively. Since these wavelengths de-veals the contribution of the individual transitions. At the
pend on the BSL miniband structure, they can be tailored byjominal doping density oly=4x 10" cm® [Fig. 2@)], all
varying the BSL parameters. In addition, the cutoff wave-€ight subbands iM; are occupied, which leads to a broad
length can also be controlled by the doping denbigyif all ~ absorption spectrum witlAA=8.6 um and cutoff wave-
states inMl; are not occupied. In this case, Mgis increased, lengthA.=15.8 um. For the lower doping density ®y=3
the higher subbands M are progressively occupied, allow- X 10" cm™ [Fig. 2b)], only subband#,—Eg in M, are oc-
ing longer wavelength transitions. cupied. Since less energy levels iy take part in optical

We further elaborate the above-mentioned issue by plottransitions, the absorption spectrum is narrower witk
ting the calculated absorption spectra in Fig. 2Ngr3 and =6 um and A;=13 um. This example shows that a small
4x 10" cm 3. These spectra were calculated from the com-change in the Fermi levgh-4 meV at low temperaturggan
puted values of oscillator strength and electron population ifead to a substantial reductionXf (~3 wm changg There-
energy levelsE; throughEg in M, at T=0 K. We further  fore, a partially filledM, is not an optimum design because
assumed that all transitions have a Gaussian line shape die is reduced while the activation energy for dark current is
to inhomogeneous broadenifyThe width of the Gaussian Virtually unchanged. Figure 2 indicates smooth absorption
distribution is og=11 and 0.5 meV for the solid and the spectra for both doping levels, which is due to the large
dashed curves in Fig. 2, respectively. The valueogf  number of allowed transitions in the BSL.

=11 meV is expected for monolayer fluctuations in well and ~ We processed 45° edge-coupled devices to characterize
our detectors. The responsivity spectra of a typical device

(b) N, = 3% 10" cm” from b(_)th the IQI_E_ and Sandia yvafers are shown in Fig. 3 as
—— s a function of positive voltage biag, (referenced to the bot-
tom contact and temperaturd. The negative bias spectra
are narrower than the positive bias ones, and hence, are not
presented here. The IQE detector spectra are only slightly
affected byV, and T with <5% change im, and AX. The
widest spectrum is obtained ¥{=3 V andT=50 K and has
Ap=10 um, AN=5.2 um(AN/N,=52%), and cut-on and cut-
off wavelengths of 7 and 12.2m, respectively. The Sandia
device spectra are shifted toward longer wavelengths com-
it : : pared to those of the IQE device. The widest spectrum for
12 14 166 8 10 12 14 16 this detector occurs aV,=3 V and T=55 K, where\,
WAVELENGTH (um) =9.2 um and AN=5.6 um(AN/N;=61%). The cut-on and
FIG. 2. Calculated absorption spectra of the binary SL QWIP for dopingCUtm:f Waveleljgths are 7:9 and 134, respectlvely, which
densitiesNg of (a) 4 10t cm® and (b) 3 10 cm3. Individual transi- shows that_ thls_ detector is at_)le to cover the entire 8z
tions are assumed to have Gaussian broadening with wigtiil mev  atmospheric window. For a fixet, we observe an enhance-
(solid lineg and 0.5 meV(dashed lines ment of the long-wavelength response an20% increase in
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AN W|th increasing bias in the 1_—3 V range. Also, at a fixed < 10'f (;) Qe e F (b) SANDIA g

Vp, AN increases by-~10% asT is raised from 10 to 55 K, S N i

which can be attributed to thermal broadening Mf by > 10 /1

~4 meV. = 10k vV 1t :

The discrepancies between the two wafers can be attrib- 2

uted to different QW widths and doping densities. If the 2 4o}/ -7/7 / [TOK] L e TOK ]
. . - . g BOKI F . 60 K

QWs are a little narrower than their nominal widths, all en- £ . Window sok] [ [ Window / 5o

ergy levels increase slightly; however, the effect is larger for & 107§ 40K]3 / /40 K 3

M,. Consequently, all detection peaks are blueshifted. This 3 10° v l 3ok Hf /. 30K

increase in energy not only pushes out the leMgE; into o 1 2 3 40 1 2 3 4

the quasicontinuum above the blocking bariisee Fig. 1 BIAS VOLTAGE (V)
but also enhances the escape probability of photoexcited

i FIG. 4. BiasV, dependence of dark current densiy (solid lineg and
electrons fromMz' These effects would lead to negllglble window photocurrent densit, (dashed linesof binary SL detectors grown

bias dependence of the spectral .Wldth as observed for thLQ (a) IQE and(b) Sandia. The detector temperatdre 70, 60, 50, 40, and
IQE detector. Therefore, the QWs in the IQE wafer are probso K (top to bottom curvgfor the J,—V,, curves whileT=10 K for the

ably narrower than the designed ones. On the other hand, #-V, curve.

the QWs are slightly wider than the nominal ones, the sub-
band energies would decrease slightly, which would lead to
reduction of the escape probability of low-energy photoelec

In conclusion, a long-wavelength broadband QWIP us-
'th a SL with a binary basis was demonstrated. This BSL
) structure offers greater flexibility in spectral coverage and
trons ff‘?m states such asl,E,. However, the tunnel|r_19 line shape. In addition, there is little dependence of the de-
probability of the low-energy photocarriers through the tip of ., spectra on bias and temperature. The background-
the wide blocking barriers i_ncreases with bias voltage. Sinc§ited temperature is similar to those of standard QWIPs
the low-energy subbands M, are the final states for the \ith similar cutoff wavelengths. The BSL is adequate for the
long-wavelength optical transitions, we expect wider respong_14 ,m atmospheric window. For even wider bandwidths,

sivity spectra at higher bias. This trend is consistent with theya can further increase the number of QWs in the basis.
bias dependence of spectral width of the Sandia wafer.

Therefore, we conclude that the QW widths in the Sandia  The work at Princeton University is supported by grants
wafer are a little larger than their nominal value. We con-from the Army Research Office and the Air Force Research
firmed this with x-ray diffraction analysis, which indicates Laboratory(Kirtland). Sandia is a multiprogram laboratory
that the actual period of the BSL structure is 1477 A, whichoperated by Sandia Corporation, a Lockheed Martin Com-
is about 5% larger than the nominal value of 1405 A. pany, for the United States Department of Energy under Con-

The widest bandwidths obtained for both wafers aretract No. DE-ACO4-94AL85000.
comparable to the best ones achieved by other groups so
far*™® For the IQE device, the responsivity line shape and 155-4 F-2'7-8Xi(r1138g- Hasnain, C. G. Bethea, and N. Chand, Appl. Phys. Lett.
bandwidth are very similar to those of the calculated absorp-,2™ ' .
tion spectra for the loweNy of 3x 10 cm™. The IQE (SigSj)_Gunapala’ B F Levine, and N. Chand, J. Appl. PhyS, 305
sample is, therefore, consistent with a structure that has &. c. Liu, J. Li, J. R. Thompson, Z. R. Wasilewski, M. Buchanan, and J.
lower Ny and an energy independent escape probability asG. Simmons, IEEE Electron Device Letl4, 566(1993.
discussed earlier. On the other hand, the Sandia detectoP:- V- Bandara, S.D. Gunapala, J. K. Liu, E. M. Luong, J. M. Mumolo, W.
gives a broader spectrum, which indicates that the doping ?1%%%.0 K. Sengupta, and M. J. McKelvey, Appl. Phys. L&te, 2427
level is closer to the nominal value. Howevkg,in this case 53 chy, s. S. Li, and A. Singh, IEEE J. Quantum Electr88, 312(1999.
is limited by the tunneling probability of photoelectrons be- °J. H. Lee, S. S. Li, M. Z. Tidrow, W. K. Liu, and K. Bacher, Appl. Phys.
low the blocking barrier, which shortens. to 13.5um at JLett. 75, 3207(1999. .
V,=3 V. Nevertheless, the reduced escape probability to- é'o'é';ho" C. H. Lin, K. M. Leung, and T. Tamir, Proc. SPI&r95 27
Ward longer Wavelengths_ produces more uniform re_Spo_nSiV'BP. Mitr.a, F. C. Case, J. H. McCurdy, S. A. Zaidel, and L. T. Claiborne,
ity spectra, which are suitable for spectroscopy applications. Appl. Phys. Lett.82, 3185(2003.

Dark current densityly of both detectors is plotted in °A. Kastalsky, T. Duffield, S. J. Allen, and J. Harbison, Appl. Phys. Lett.
Fig. 4 for the 30-70 K temperature range. We have alsq,>2 1320(1988. ,
plotted the window photocurrent densily, that was gener- ?'Kb;hg'ﬁi_gisggfggbg: D. Gunapala, W. K. Liu, and J. M. Fastenau,
ated by 300 K background radiation incident throdgtl.2 1 m.s. . Bandara, J. W. Choe, M. H. Francombe, A. G. U. Perera, and
optics. The detector temperature was fixed at 10 K for this Y. F. Lin, Appl. Phys. Lett.60, 3022(1992.
measurement. Figure 4 shows that both detectors have ‘&. C. Chen, H. C. Chen, C. H. Kuan, S. D. Lin, and C. P. Lee, Appl. Phys.

-limi i _ Lett. 80, 2251(2002.
background-limited temperaturgs, p, defined as the tem 4QE Inc., 119 Technology Drive, Bethiehem, PA 18015.

perature Wh(_argd:‘]w' of 55, 50, and 40 K avy=1,2, and 4. K. Choi, The Physics of Quantum Well Infrared Photodetectuvsrld
3V, respectively. These values @f p are comparable to  scientific, River Edge, NJ, 1997
those of QWIPs with similar cutoff wavelengths but nar- Bin our calculations, we assumed that the BSL is under flatband condition,
rower bandwidthéf‘ We also prepared corrugated-QWIPs which is valid even when the entire structure is under an applied _b|as
(C-QWIPS from both wafers for normal-incidence because the resistance of the BSL is much smaller than that of the adjacent
blocking barriers.
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