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Two-color quantum-well infrared photodetector with voltage tunable peaks
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A two-color quantum-well infrared photodetector with voltage tunable detection peaks is
demonstrated. It is based on electron transfer between two asymmetric coupled quantum wells under
an applied bias. At 10 K, the peak detection wavelength isufbfor positive bias when the
electrons reside in one of the wells, and switches to 818 at a large negative bias when the
electrons are transferred to the other well. The electron activation behavior of dark current in this
detector depends on both temperature and bias. We observed two distinctive activation energies
under negative bias for two different temperature regimes and only one under positive bias. The
voltage tunability of the detector and the activation energy are well explained by the calculated
energy levels and oscillator strengths of intersubband transitions in the structur@002
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An important use of two-color infrared detection is re- age switching for longer wavelength detection. In this letter,
mote temperature sensihg.For this application, it is desir- we report the design and fabrication of a two-color QWIP
able to have a detector with two distinctive detection wave-based on the same electron transfer mechanism. Its peak de-
lengths. A two-color quantum-well infrared photodetectortection wavelength can be switched between 7.5 angut18
(QWIP) with a voltage tunable detection wavelength is use-by reversing its bias polarity a¥,|=3 V. The responsivity
ful for this purpose. It can be integrated with a time- at both wavelengths is found to be very similar which makes
multiplexed readout circuit to greatly simplify focal plane this detector suitable for readout integration.
array production. Voltage tunable two-color QWIPs have  The two-color QWIP consists of 36 periods of QW pairs
been investigated in the past based on two different mechaandwiched between a 0&m thick n*-GaAs top contact
nisms. The first approach is based on Stark shift in asymmetayer (1x10® cm 2 Si doping and a 1.5 um thick
ric multiple QW (MQW) structures: In these structures, n*-GaAs bottom contact layeisx 107 cm~3 Si doping.
the responsivity is very different for different wavelengths. Each period consists of a 44 A MGa gAs left QW
This creates serious difficulties in the readout design. Theoupled to a 44 A GaAs right QW through a 200 A
second approach relies on electron transfer between coupled, .Ga,;As barrier and separated from the next set of
QWs under an applied bidsThis approach leads to similar coupled wells by a 350 A graded /@a _,As barrier (x
responsivities for different wavelengths. The existing designgraded from 0.3 to 0.25 along the growth direcjiofihe
however, does not exhibit effective wavelength switching.Al, ,.Ga, osAs wells are uniformly doped7x 10" cm™2 Si
The shorter wavelength peak of the two colors is alwaysjoping while the GaAs wells and the barriers are undoped.

present for both voltage polaritiés. The entire structure is grown on a semi-insulating GaAs sub-
We investigated the problems related to this latter apstrate by molecular beam epitaxy.
proach in detail by extracting absorption coefficientand In this detector design, we increase the barrier between

effective photoconductive gaig of a QWIP similar to the  the QW pair from 50 to 200 A to enhance electron transfer
one used in Ref. 7We found an almost constant value®f petween the wells. We also use a linearly graded barrier be-
in the 6—12,(Lm WaVElength range that indicated inefficient tween each unit of the MQW instead of a uniform or step
electron transfer between the COUpIEd QWS This was attri%arrier to improve the transport of the lower energy photo_
uted to insufficient potential difference between the QW pairglectrons. With this graded barrier, the photoelectrons in the
that was separated by only a 50 A thick barrier. The linejonger wavelength peak do not have to tunnel to escape from
shape of the detector was entirely determined by the lingne wells to give rise to a photocurrent. Therefore, the use of
shape oy, which was found to be decreasing monotonically graded barriers is essential in increasing the low energy pho-
toward longer wavelengths for both bias polarities. The deygconductive gain for effective wavelength switching. The
creasingg, which is related to the smaller tunneling prob- ;e of Ab0Ga osAs instead of GaAs in one of the coupled
ability of the lower energy photoelectrons, suppresses Voltye|is s also crucial. It allows the detection of longer wave-
lengths with the same well width while preserving the ab-
dElectronic mail: majumdar@ee.princeton.edu sorption oscillator strength. The selective doping of this well

0003-6951/2002/80(5)/707/3/$19.00 707 © 2002 American Institute of Physics
Downloaded 30 Jan 2002 to 128.112.49.85. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



708 Appl. Phys. Lett., Vol. 80, No. 5, 4 February 2002 Majumdar et al.

E (meV) T=10K
A — T T - - 1 - 1 T 1
400 =~ —~ 100} R7 (@)4 FL11L8 L7 L6 (b)4100
s
S— <C
300 — N e 7 \E/ 180
' >
| E
200 = =
4 » =
=z
—1 O
o
100~ &
o
0~
6 8 10 12 6 8 10 12
(a) Vb =3V
WAVELENGTH (um)
FIG. 2. Spectral responsivitR of 45°-edge coupled QWIP measured at 10
E (meV) K for (a) positive andb) negative bias. The arrows indicate calculated peak
4 positions of intersubband transitions in the detector structuta) at,=3 V
200 —- and(b) V,=—3 V. Note that the 4 V spectrum lies on top of the 3 V one for
5 A<8 um and can be seen clearly far-8 um.
g T .
1001 T tions from the computed wave functions. X,=3 V, the
: largest calculated oscillator strengthis at 7.6 um, which
11 —2 | corresponds to the;— E; transition(we call this transition
0 ‘ » R7 becauseE; is in the right QW. The next significant

transition is the R10 transition at 6.m with fgqq
=0.36fg;. Similarly, atV,=-3V, theE;—Eg (L6) transi-
tion at 10.1 um has the largest oscillator strength. Other
significant transitions are LA=8.7 um), L8 (A=8.3 um),
and L11(A=7.4 um) with f=65%, 20%, and 20% of g,
respectively. Figure 1 also shows that all of these transitions
are bound-to-extended transitions, and hence, should have
b)V,=-3V . :
comparable photoconductive gain.
FIG. 1. Conduction band diagram and energy levels of the voltage tunable We processed 45°-edge coupled QWIPs for responsivity
two-color QWIP for bias voltagés) V,=3 V and(b) V,=—3 V. The lowest and dark current measurements. 20x200 um mesas
14 levels are shown with lines. The length of these lines represents thgyere defined by photolithography and wet etching. A 1500 A
extent of the electronic wave functions. Levels higher than 14 have bee?hick laver of AuGe allov was evaporated and then alloved in
omitted because they correspond to optical transitions\fo6 um. The . Y y po y .
arrow indicates the intersubband transition with the largest oscillatord fapid thermal annealer at 420°C for 5 s to form ohmic
strength:(a) E;—E; for V,=3 V and(b) E;—Eg for Vp=—3 V. contacts to the top and bottom"-GaAs layers. 45°-edges
were then polished on the samples to couple infrared radia-
further ensures th tion of this well under foori ttion to the intersubband transitions in the MQWSs.
urther ensures the occupation ot this well under appropriate ye measured ac spectral photoresponse at 10 K in the

bias. .
) ) _wavelength range 6—-1z2m. We show the responsivitR
The conduction band diagram of the QWIP structure ISspectra of a typical detector in Fig. 2. For positive bias, the

shown in Fig. 1 for(@ V,=3 V and (b) V,==3 V. The = noay detection wavelength, is 7.5 um, close to the de-
energy scale is referenced to the right edge of the right bars'igned value of R7 at 7.6m. The linewidthA\, defined as

rier. We applyVy, to the top contact, which is on the right- the full width at half-maxima, is 0.um. The cutoff wave-
hand side in Fig. 1, while keeping the bottom one groundediangth) ., defined at half-maximum, is 7,8m. There is also
The energy levels and wave functions are calculated using small peak at 6.5m, which can be assigned to the R10
the transfer matrix methotThe lowest 14 energy levels are transition. The peak responsivi(\ ;) increases withv, till
depicted in Fig. 1 with lines. The length of these lines rep-3v, stays constant in the range 3—4 V, and then decreases for
resents the extent of the wave functions. For positive biay,>4 V.

and small negative bias, the lowest energy sktes in the Under negative bias, there is a narrow responsivity peak
right QW. For V,<—3 V, E; moves to the left QW. At at 7.5 um and a broad peak centered around g at
Vp=-3V, E; is 4 meV belowE, and, therefore, there are V,=—1 V. With increasingV,|, the size of the long wave-
electrons in both well.For V,<—3.6 V, E, is at least 11  length peak increases more than that of the short wavelength
meV lower thanE, and only the left QW is occupied. We peak as electrons are transferred to the left well. \Rge —2

also calculated the oscillator strength of the optical transiV, the dominant peak switches to 8.8n with a broad line-
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180 T T T T 7 L L E . evident from Fig. 1a) that thermionic emission from the left
Eam QW via thermal population oE, has far larger activation
< 160 Eii- n _ energy, and thus is not observed. In genekl,decreases
g * u § with V|, because of the existence of thermally assisted tun-
— EE 'IEL e 90-160K = § neling current. On the other hand, under negative bias, both
(>5 140 = = [ ] 7] wells are populated, and each has its own activation energy.
o 110-160 K ' ¥ At alow T, thermionic emission from the left QW dominates
w 120 1 the current flow. Therefore, a smaller valueEBf=E;—E;
5 o —Er=68.5 meV is expected at3 V, which is consistent
Z 100 - with the observed value of 61 meV. At high thermal acti-
O vation in the right well becomes appreciable, and can con-
= u X tribute significantly to the total current. Figurghl shows
<>’: 80 - 10° r 90,1 | the thermal electrons from the right well can acquire much
- 60-110K = 10° bt larger drift velocity than those from the left well due to the
2 60 - oo gag 61030).?(11%(1)4 — much larger potential drop, and hence larger electric field, in
G o the adjacent barrier on the left. Therefore, at highir>110
40 WL 1 o 1 I I B K, the thermionic current from the right well can be domi-

6 4 2 0 2 4 6 nant and a largeE,=Eg—E,— E=143 meV is expected,
which is in excellent agreement with the observed value of
BIAS VOLTAGE (V) 148 meV.
_ o In summary, we have fabricated a voltage tunable two-
_FIG. 3. BiasV,, dependence o_f electron activation enelgy. Inset:_Arrhen_— color QWIP based on the transfer of electrons between
ius plot of dark current densityy for V,=2 and —2 V. Symbols: experi- . .
mental data, lines: least-squares fitdgf= Jyo exp(—E,/kgT) to the data to coupled QWs unde.r an apphed bias. At 10_ K, the peak de-
obtainE,. The —2 V data have been shifted up by one decade for clarity. tection wavelength is 7.am for V,=—1V, shifts to 8.8um
for V,<-2V, and therefore, can be switched between these

. N values by reversing the bias polarity|&t,|=3 V. We found
width of 3.5 um. The cutoff wavelength in this case extends yigerent "values of electron activation energy in different

to 10.5um. The broadband response under this bias is due mperature and bias regimes. Both wavelength switching

abs_o:jptlon ;ro_m the close-b)(/j_tfr_ar(;sglonﬁ L6, L7, LS’ and_"ll’and activation energies are well understood from the theoret-
as mh!cactje in Fig. Q_’)’hmo 'r']e b'y the lre_spectlvi 9anS. jcal calculation of the energy levels and oscillator strengths
For this detector, switching the bias polarity [3,|=3 V' ¢ yansitions in this QWIP structure.
leads to a 1.3um shift in A, and a 2.7um change in\..
This clearly demonstrates the voltage tunability of the two-  The work at Princeton University is supported by the
color detector. Army Research Office and the National Science Foundation.
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The activation energy data can be understood in terms of lowest energy level is the only occupied state, the Fermi enBrgyl11
a simple model for dark current transport. Under positive meV measured from level 1. This is the case in our structur¥forO and

bias when only the right QW is populated, thermionic emis- V,<—3.6 when the level 2 is at least 11 meV higher than level 1. At
sion of electrons from E to E’ will  give V,=-3V, E,—E;=4 meV. Therefore, both subbands are occupied and
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Er=7.5 meV.
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