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DUAL BAND INFRARED DETECTOR USING STEP
MULTIQUANTUM WELLS WITH SUPERLATTICE BARRIERS

FIELD OF INVENTION

This invention relates generally to mmltiple quantum well infrared detectors, and
more particularly, to detection of more than one wavelength using a multiple quantum
well structure cousisting of step quantum wells and superlattice barriers.

5 BACKGROUND OF INVENTION

There are a number of infrared detector materials and technologies which have
been used for fabrication of infrared detectors. For infrared detection using interband
transitions in the wavelength range of 3~20um, semiconductors with narrow bandgap
materials (e.g., InSb, HgCdTe) are commonly used. For these materials, there exist
10  difficulties associated with instability of the composition and processing which result in
problems of reproducibility and uniformity of large arca arrays. However, quanfuh well
infrared detectors based on intersubband transitions are constructed using chemically
stable wide-bandgap materials. This construction overcomes the disadvantages mentioned
- above and achieves response wavelength tunability with the use of bandgap engineering

15  principles.
The quantum well infrared photodetectors (QWIPS) based on intersubband
transitions have been extensively investigated in recent years. Because of mature III-V
material and processing technology, quantum well structure with novel properties can be
fabricated based on intersubband transitions. For example, multicolor infrared detectors
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stacks. Another approach is to use asymmetric quantum wells or coupled quantum wells
10 where transitions from the ground state to several excited states can occur. This approach
provides the advantage of requiring only one set of quantum wells, which simplifies
fabrication. The photoexcited carries are extracted by controlling the bias across the
device.
Step quantum wells have been used for the fabrication of infrared modulators and
15 multi-color detectors. The multiple step quantum wells were separated by thick barriers,
and thus, required a high electric field in the device to extract the photoexcited electrons
through the thick barriers. However, such a high bias can produce the disadvantage of
a large leakage current, especially at high operating temperatures of about 77 °K and may '
therefore result in poor detectivity. Another disadvantage of this structure is that the
20  photocurrent due to the ground to first excited state transition cannot be collected unless
the first excited state lies close to the top of the barrier. This greatly limits the tunability
of the detection wavelength.

SUMMARY OF THE INVENTION
The concepts of the present application overcome substantial disadvantages of
25  known detectors using quantum wells by providing a dual band infrared detector using
| step quantum wells with superlattice barriers instead of thick bartiers. The detector uses
bound-to-miniband (BM) and bound-to-continuum (BC) intersubband transitions in step
quantum wells. The bound-to-miniband photocurrent is extracted by using superlattice
barriers at a relatively low applied electric field. Thus spectrum tunability of the
30 photocurrent is achieved by adjustihg the energy level in the step well relative to a
miniband by an external bias. Discrimination of the photocurrents due to BM and BC




2" i that can give high discrimnation ability of objects and imagi ng

under vari ous at nospheri c conditions have been expl ored using
asynmetric quantum wel | structures. According to known
selection rules, symretric square quantum wel| structures can have

only one response wavel ength due to the transition fromthe ground state to
the first 5 . excited state. To get response in several wavel ength ranges,
one approach is to build several stagks of square quantumwells with
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Further scope of applicability of the present invention will become apparent from
the detailed description given hereinafter. However, it should be understood that the
detailed description and specific examples, while indicating prefén'ed embodiments of the

10  invention, are given by way of illustration only, since various changes and modifications
within the spirit and scope of the invention will become apparent to those skilled in the
art from this detailed description.

BRIEF DE ON OF GS
The present invention will become more fully understood from the detailed
15  description given hereinbelow and the accompanying drawings which are given by way
of illustration only, and thus are not limitative of the present invention, and wherein:
Figure la is a schematic view illustrating a dual band infrared detector in
accordance with an embodiment of the present invention;
Figure 1b is a schematic view further illustrating the layers of the step quantum
20  wells and superlattice barriers shown in Figure 1a;
Figure 2 is the band diagram of the quantum well structure used for two
wavelength detection;
Figure 3 is the band diagram of the quantum well structure under an external bias
showing the transport of carriers via miniband and continuum states;
25 Figure 4 is an energy band diagram of the quantum well showing the location of
the energy levels;
Figure 5 illustrates the measured absorption as a function of photon energy of the
dual wavelength step quantum well detector with superlattice barriers at room
temperature;
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An exemplary dusl wavelength detector based on a quantum well structure and
10 superlattice barrier is described with reference to figures la and 1b of the instant
application. The structure of the detector 10 has 40 periods of step quantum wells 12 and
superlattice barriers 14. Each step quantum well consists of a 30 A thick n-InyGay x As
layer 32 doped with Si to about 1 X 10" /cm® and a 73 A thick undoped GaAs layer 34.
The superlattice barriers 14 that separates the quanturn wells 12 consist of undoped 5-
15  periods of 51 A thick GaAs layers 36 and 40 A thick Al Ga, As layers 38. The entire
structure is sandwiched between top 1 pm and bottom 1 pm n-GaAs layers 16 doped
with Si to about 1 X 10" /em® for ohmic contacts.
The entire structure was grown by molecular beam epitaxy (MBE) at a reduced
substrate temperature (~530 C) on a semi-insulating GaAs substrate 18 to avoid the
20  relaxation of the strain in the InGaAs layer. The thickness of the n-lnGaAs layer 32 in
the step quantum well is kept below the critical thickness corresponding to the 30% In
composition. The thicknesses of layers 32,34,36,38 and the compositions of layers 32,
38 can be varied to tune the detection wavelengths of the detector. An example method
for varying the thicknesses of the layers to provide the desired detector frequencies is
25 given by R. People and J.C. Bean, "Calculation of Critical Layer Thickness Versus
Lattice Mismatch for Ge,Si, /Si Strained-layer Heterostructures”, in Appl. Phys. Lett. 47
(3), 1 August 1985.
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wavelength detectors, The two transitions shown are bound-to-miniband (BM), and
30  bound-to-contipuum (BC). The first miniband of the superlattice is aligned with the first
excited state of the step quantum well so that the photocurrent transport occurs through



3 " transitions using the linear Stark effect (Stark shift) of the

energy levels in the quantum well. The superlattice barriers have a
m ni band aligned with an excited state in the guantumwel | to allow
for high tenperature operation by using photocarrier transport via t he
m ni band. 5 It is accordingly apparent that the detect of the
present invention is substantially |5rrproved over the known prior art.

Furt her scope of applicability of the present invention w
appar ent frﬁw.mun bandy, I higaveidsahe twselingnf corriers tiwaughs @%&F{Yeﬁn&ﬁmme@d it

cxaDl es, Kﬂ?fcés‘faﬁd%&%“ﬁwﬁﬁs%ﬁ%ﬁgﬁf Bl {ofher SRcn e,

gi ven by waisibahd |0H§tlﬁe'ibbmmbiﬁ1¥ Pﬁhﬁeﬂmnaﬂﬂ thm)duﬁdrhaideons
w thin the spirit and scope of the |nvent|on WI| becone_ apparent to those
skilled i n parameters. Zhis allowmtening ofidetestor-wavrlength by icontrolling the

DESCRI PTL ON,,OF TH% W NGS The present invention wll becorre
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and the accorrpanmhegwéroal& HerSctig i Ackitéved By s Bisundto-miniband (BM) and bound-
to-continuum (BC) transitions in the step quantum well. The superlattice batriers provide
efficient transport of photoexcited electrons 20 under an external bias via the minibands
22,24 as depicted in Figure 3 while suppressing the thermionic emission, resulting in a

10  smaller dark current. |
| Figure 4 shows the locations of the energy states of the step quantum well. There
are two bound energy ‘states below the barrier (1, 2) and a continuum energy band above
the barrier (3). The lack of symmetry of the potential in the step quantum well allows
both 152 and 153 intersubband transitions. The oscillator strength of the transition
15 from ground state to the first excited state 1->2 is calculated to l?e about 0.69 and the
integrated oscillator strength of the transitions from ground state to the continuum band
1->3 is about 0.31. The oscillator strength for the 1-52 transition is selected to be higher
since the mobility of the photoexcited electrons 20 through the first miniband is low
compared to the continoum to have nearly equal photoresponses for the two transitions.
20 Regarding Figure 6, the shift of the peak positions for the different biases is due
to the lincar Stark effect assoclated with the step quantum well. At low bias, the first
excited state 12 is designed to align with the minibaod of the superlattice barrier and
the photocurrent via the miniband increases as the bias increases due to higher cartier
velocity. However, at high bias the excited state 152 shifts away from the miniband
25  which affects the transport of carriers due to the lack of coherency and results in a
smaller responsivity. Such a bebavior is clearly seen from the bias dependent

photocurrent spectra in Figure 6.

The absorption of the sample is measured by a Fourier transform infrared (FTIR)
spectrometer using a waveguide structure at room temperature. A/waveguide made of
30 GaAs with similar dimensions is used as the reference in the measurement. The
absorption due to bound-to-miniband and bound-to-continuum transitions are clearly
observed at two well separated wavelengths as shown in Figure 5. The two inttcrsubband
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band infrared detector in accordance with an enbodi nent of the
present invention; . Figure 1b is a schematic view further

Il lustrating the | ayers of the step quantum 20
barriers shown in Figure 1a;
the quantum wel |l structure used for two

wavel engt h detecti on;

Figure 3 is the band di agram of the quanﬁum wel | structure under an

external bi

cont | nuum Srations g AMORPahoP te QARG HomEh VTl idteR o BRd Mcpily,

guant um wel
Figure 5 il
of the

rides(@m 1Y forhihe linterstibbamdctfansitions. t he energy | evel s,
| ustrates the nmeasured absorption as, a function of
dfor i &

barriers atgRQied using standard photolithography techniques and wet chemical etching. The

5

10

15

spectral dependence of the photocurrent is measured using a infrared source and a grating
monochromator with a lock-in detection. As shown in Figure 7, infrared is illuminated
on the mesa using a 45° facet polished on the wafer in order to enhance the coupling of
infrared with the bound electrons in the quantum well and overcome the polarization
selection rule of the intersubband transition. Two peaks in the photoresponse at 6 um
and 12 pm wavelengths are observed (see Figure 5) due to the two transitions in the step
quantum well. The positions of the two peaks are in good agreement with that observed
in the absorption measurement, The use of superlattice barriers allowed us to operate the
detector at 77°K without appreciable degradation of the signal, and thus, demonstrates
the possibility of the use of superlattice barriers for the fabrication of multi-color
detectors.

It should be apparent from the aforementioned description and attached drawings
that the concept of the present application may be readily applied to a variety of preferred
embodiments including those disclosed herein, Accordingly, the scope of the invention
described in the instant application should be limited solely by the appended claims.
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Fi gure 6 illustrates the nmeasured photoresponse at T = 77[err]K for two

di fferent detector bias voltages; and Figure 7

il lustrates the incident infrared radiation on the detector.

DETAI LED DESCRI PTI ON OF THE | NVENTI ON 5 . The exenpl ary enbodi nents
of the invention clainmed in the appended cl ai nrs may be nore fully

appreci ated by reference to the follow ng description of preferred

enbodi ments. Wthin the drawing figures, 4t should be understood that |ike
el enents are identified by |ike reference nunbers. An
exenpl ary dual wavel ength detector based on a quantumwel| structure and 10
superlattice barrier is described with reference to figures la and | b of

t he instant application. The structure of the detector 10 has 40
periods of step quantumwells 12 and superlattice barriers 14. Each
step quantum wel |l consists of a 30 [err] thick n-In[err]Ga[err] As

| ayer 32 doped with Si to about 1 X 10[err] /cnferr] and a 73 [err] thick
undoped GaAs | ayer 34. The superlattice barriers 14 that separates the
guantum wel I s 12 consi st of undoped 5- 15 periods of 51 A thick GaAs

| ayers 36 and 40 A thick Al[err]Gferr]As |layers 38. The entire

structure is sandwi ched between top 1 pmand bottom 1l [err] mn-GAs | ayers
16 doped with Si to about 1 X 10[err] /cnferr] for ohm c contacts.
The entire structure was grown by nol ecul'ar beam epitaxy (MBE) at a reduced
substrate tenperature (~530 C) on a sem -insulating GaAs substrate 18 to
avoid the 20 relaxation of the strain in the InGAs |ayer. The thickness

of the n-1nGaAs layer 32 in the step quantumwel | is kept bel ow the
critical thickness corresponding to the 30%In conposition. The
t hi cknesses of |ayers 32,34, 36,38 and the conpositions of |ayers 32,
CLAIMS:
1 1. A dual band infrared detector, comprising:
2 an asymmetric step quantum well atrangement having a plurality of wells
3 - including a first well defining a bound state and a second well defining a first excited
4 state; ' '
5 a plurality of superlattice barriers, each barrier located between successive
6 wells to form alternating layers.of wells and barriers;
7 a miniband formed among the superlattice barriers and aiigned with the
8 first excited state to provide photocurrent transport along the miniband; and
9 a second energy state and a continuum energy band formed above the

10 barriers to provide photocurrent trapsport along the continuum energy band, wherein
11 muitiple color detection is achieved by measuring photocurrent at a bound-to-miniband
12 transition and at a bound-to-contingum transition.

1 2. The dual band infrared detector of claim 1, wherein each barrier includes

periods of GaAs and AlGaAs layers, and each well includes a doped InGaAs layer and
3 an undoped GaAs layer.

1 3. The dual band infrared detector of claim 1, further comprising a first
contact layer formed over a top alternating layer, and a second contact layer formed
3 under a bottom alternating layer.

A



38 can be varied to tune the detection wavel engt hs of the detector. An

exanpl e net hod for varying the thicknesses of the |ayers to provide
the desired detector frequencies is 25 given by R People and J.C. Bean,
"Cal culation of.Critical Layer Thickness Versus Lattice M smatch for
Ge[err]Si[err]/Si Strained-layer Heterostructures”, in Appl. Phys. Lett. 47
(3), 1 August 1985. Figure 2 shows the band di agram of the
guantum wel | structure used for two wavelength detectors. The two
transitions shown are bound-to-m ni band and 30 bound-t o- conti nuum
(BO). The firstgmni ‘?ﬁ@ﬁuﬁ%ab&%ﬁd&@&&&@&&f&ﬁ 3 fufifi ollprlins s cterbil
excited state of the step quantumwel| so that the photocurrent transport
occur s 2 hr biaglapplied to the first and second contact layers. 5
the mniband. This avoids the tunneling of carriers through a relatlvely
thick barrier and hence can inprove the collection efficiency of the

photocufrent. The pPoghkidaal Bind  derbidt SPelfint 8 whBrefPBéHoRSHlent is

adj usted by the proper selectron o superlattice paranmeters. This

al | ows 2 untumgblefbycpplyingthe biasdd adigstanenergyrievel s mngrdMapm torthe endniband.s
the step wel|.
1 6. The dual band infrared detector of claim 1, wherein the photocurrent at the
bound-to-miniband transition and at the bound-to-continuur transition is discriminated
3 by Stark shift of an energy level in the wells.

7. The dual band infrared detector of claim 1, wherein the detector is
2 operable V about 77°K.

up to

3 8. A method of detecting more than one wavelength using a dual band
4  infrared detector, comprising:
5 a. forming an asymmetric step quantum well arrangement having a
6 plurality of wells including a first well defining a bound state and a second well defining
7  a first excited state; |
8 b. forming a plurality of superlattice barriers, each barxier located
9  between successive wells to form alternating layers of wells and barriers;

10 c. forming a miniband among the superlattice barriers;

1 d  aligning the miniband with the first excited state to provide
12 photocurrent transport along the miniband; and
13 e. forming a second energy state and a continuum energy band above

14 the bartiers to provide photocurrent transport along the continuum energy band, wherein
15  nultiple color detection is achieved by measuring photocurrent at a bound-to-miniband
16 transition and at a bound-to-contiuum transition.

9. The method of claim 8, wherein each barrier includes periods of GaAs and
2 - AlGaAs layers, and each well includes an InGaAs layer and a GaAs layer, and further
comprising doping the InGaAs well layer with Si.
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The two-col or detection is achieved by using bound-to-mnni band (BM and
bound- to-conti nuum (BC)transitions in the step quantumwel|l. The
superlattice barriers provide efficient transport of photoexcited

el ectrons 20 under an external bias via the m ni bands 22,24 as
depicted in Figure 3 while suppressing the therm onic em ssion, resulting
ina 10 snmaller dark current. Figure 4 shows the |ocations of
the energy states of the step quantum wel$. There are two bound
energy states below the barrier (1, 2) and a conti nuum ener band above
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i ncreases du I gher car ocity. However, at high bias the
excited state 1->2 shifts away fromthe miniband 25 which affects the
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30 GaAs with simlar dinensions is used as the reference in the

measurenment. The absorption due to bound-to-m ni band and
bound-to-conti nuumtransitions are clearly observed at two well
separated wavel engths as shown in Figure 5. The two intersubband

6 transitions are possible since the asymmetric quantum wel|l rel axes
the parity selection rule ([err]Jn = 1) for the intersubband
transitions. For the photore$8ponse neasurenent, nesa di odes of

200 [err]min dianmeter are fabricated using standard photolithography
t echni ques and wet chem cal &Eﬁm C Q@Mependence of the
photocurrent is neasured using a infrared source and a grating
nonochromator with a |l ock-in detection. As showin Figure 7, infrared is

i1l um nated on t hepAIABAND INFERARED HIETECEORJGSING &IEP the wafer in
order to enhance the coupling of infrared w t trons in
t he quantum wel | anMUly TUMWJBNWWER{]AﬂfQQW of the

i nt ersubband transition. Two peaks in the photoresponse at 6 [err]m10 and

12 [err] mwavel engths are observed (see Figure 5) due to the two
transitions in thAndnfrared detector uses step quantum wells with superlattice barriers for dual-

band detection. The step quantum wells are designed to have two bound states and a
continuura above the superlattice bagriers. The bound-to-bound and bound-to-continuum
trapsitions are employed for the dual-band detection. The superlattice barriers are used
to extract the photocutrent from the bound-to-bound transition with a relatively low

external electric field while suppressing the thermionic emission, resulting in a smaller
dark current. The photocurrent is tuneable by adjusting the energy level in the step well
relative to the miniband by an external bias. Stark shifts of the energy levels in the
quantum well allow for discrimination of the photocurrents due to BM and BC

transitions.

Figure la is to be published.



quantum wel | . The positions of the t wo peaks are in good agreenent with

t hat. observed in the absorption neasurenent. The use of superlattice
barriers allowed us to operate the detector at 77[err] K without
appreci abl e degradati on of the signal, and thus, denonstrates t he
possibility of the use of superlatticelbarriers for the fabrication of

mul ti-color 15 det ect ors. It should be apparent fromthe

af orenenti oned description and attached draw ngs that the concept of
the present application may be readily applied to a variety of preferred
enbodi nents i ncluding those di sclosed herein. Acc ingly, the scope of the
i nvention described in the instant applj€ation should be limted

solely by the appended cl ai ns.
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CLAIMB: 1 -

1. A dual band infrared detector, conprising: 2

an asymmetric step quantum wel |l arrangenent having a plurality of wel
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12 transition and at a bound-to-conti nuum transition. 1 2.
The dual band infrared detector of claim1, wherein each barrier includes 2
periods of GaAs and Al GaAs | ayers, and each well includes a doped | nGaAs

| ayer and 3 an undoped GaAs | ayer. 1 3. The dual band
infrared detector of claim1, further co@prising a first 2 contact |ayer
fornmed over a._top-alie ing lLayer and a se ay e d 3
under a bot tEE/AELE S e L
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2 bi as applied to the first and second cont act

The dual

to the m ni band. 1

band infrared detector of claim4, wherein the photocurrent
tunabl e by applying the bias to adjust an energy |evel

6. The dua
claim1l1, wherein the photocurrent at thé& 2

layers. - 1 : 5.
is 2

in the well relative

band i nfrared detector of
bound-to-m ni band transition

and at the bound-to-continuumtransj] t|on is discrimnated 3 by Stark
shift of an energy level in the wel 7. The dual band
infrared detector of claiml, mhereln the detector is operable up to
about 77[err]K. ., 3 8. A reghod of detecti nore than one
wavel ength using a dual band 4 infrared detector, conprising: 5

a. form ng an asymmetric sftep quantum well arrarjgenent having a 6
plurality of wells including p first welll defining}a bound state and a

second well defining 7 a fi
formng a plurality of superl

bet ween successive wells to f{

10 C. form

B.tsll ce- b?%e i

state; 8 b.
ers,

each {parrier | ocated 9
wel | s and barriers;
erlattice barriers,
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L]

11 d. aligning the mniband with the first excited state
to provide 12 photocurrent transport along the mniband; and 13

e. form ng a second energy state and a conti nuum energy band above 14
the barriers to provide photocurrent transport along the conti nuum energy
band, wherein 15 mul tiple color detect§on is achieved by neasuring

phot ocurrent at a bound-to-mniband 16 transition and at a

bound-to-conti nuum transition. 1 9. The met hod of cl aim 8,
wherein each barrier includes periods of GaAs and 2 Al GaAs | ayers, and
each well includes an InGaAs | ayer and a GaAs |l ayer, and further 3
conprising doping the InGaAs well layer with Si.
91 10. The nmet hod of clai po(@m) further conprising fornming a
first contact |ayer # over 18 top &l ter nat i ﬁg Iayer and form #g a second
contact |ayer und Tom !
Bias=-40V T=77K
0.8}
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3 -aTternating | ayer. I - 11, The net hod of claim 10, further
conprising applying an external bias to 2 the first and second contact

- Fayers. 1 12. The nethod of claim 11, further conprising
tuni ng the photocurrent by 2 app!ying the bias to adjust an energy | evel
in the well relative to the mniband. ¢ 1 13. The net hod of
claim8, further conprising discrimnating the photocurrent 2 at the
bound-to-m ni band transition and at the bound-to-continuumtransition by
Stark 3 shift of an energy level in the wells. 1 14. The

met hod of claim8, further conprising operating the detector at about 2
77[err] K ’
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