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Towards a voltage tunable two-color quantum-well infrared photodetector
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Two-color quantum-well infrared photodetectoi@WIP9, based on electron transfer between
coupled QWs, suffer from the presence of the shorter wavelength peak at all bias vdltadds
investigate this problem by studying the bias dependence of absorption coefficiemd
photoconductive gaiig as a function of wavelength at 10 K. We fabricate such a detector with a
peak wavelength of g&m for both bias polarities but a voltage tunable cutoff waveler@ttam for

V>0 and 11um for Vp<0). We use corrugated QWIPs with different corrugation periods to
extracta andg for different values o¥,,. We finda~0.1 um™ ! in the 6—12um range with small
peaks at 8 and 9.8m for V,>0 and 10um for V,<0. g has a pronounced peak at 8 for both

bias polarities and determines the line shape of the QWIP spectral responsivity. These results are
attributed to insufficient electron transfer between the coupled QWs and to low tunneling probability
of the longer wavelength photoelectrons. A modified QWIP structure has been proposed for
complete switching of spectral responsivity peak when the bias voltage polarity is reversed.
© 2002 American Institute of Physic§DOI: 10.1063/1.1436529

Multicolor infrared detection is an area of active re- (9 um for V,>0 and 11um for V,<0). We study theV,
search because it can be used for remote temperatutependence of absorption coefficienaind photoconductive
sensing-? Quantum-well infrared photodetectofQWIP9 gain g that are extracted using corrugated-QWIRS-
are suitable for multicolor detection because their absorptio®@WIPS with different corrugation period$:*?We find that
wavelength can be tailored by varying device and material is almost constant in the 6—%2m range with small peaks
parameters and their intrinsic absorption line shape is na@t 8 and 9.8um for V,>0 and at 1Qum for V,<<0, and that
row. QWIPs with two stacks of QWs, each designed to detecg has a pronounced peak at % for both polarities o¥/y, .

a different wavelength, are the simplest two-color detectors.Based on these results, we conclude that there is insufficient
Focal plane arrays using two stacks of QWs have been reelectron transfer between the coupled QWs and that the tun-
cently fabricated. Two-color QWIPs with one stack of QWs, neling probability of the longer wavelength photoelectrons is
where detection wavelength can be changed with bias voltow.

age, have certain advantages over two-stack QWIPs such as 1he two-color QWIP consists of 36 periods of coupled
simpler readout circuits for focal plane arrays. QWs sandwichedsbet\ysen_a Qufn thickn™-GaAs top con-

\oltage tunable two-color detectors have been proposeffict layer (110" cm™* Si doping ar71d a_31.5_,um thick
in the past based on two main physical mechanisms. The fir& -GaAs bottom contact laye(5x 10" cm™* Si doping.
approach is to change the energy level structure and wa/g@ch period consists of a 40 A GaAs well coupled to a 44 A
functions of excited states under bias by using asymmetri©aAs well through a 50 A RlodGay7As barrier and sepa-
coupled QWS graded barrier§ or asymmetric step wells. 'ated from the next set of coupled wells by a 200 A
The second approach is based on electron transfer betweblo.2658%.7A5/300 A AIO-;ZGQ}?A,S barrier. All the QWs are
ground states of adjacent QWs under a voltage bias. Thignlformly doped(5x10'" cm™” Si doping apd the barriers
process was first observed in multiple QWQW) structures undoped. We calculated the energy levels in the MQW struc-

that had alternately doped Q¥and later used to achieve wirdeeulzfr:th\r;\? Ezgstfvig rgig:]xdrﬁ;?sg;egg:j’gheﬁ% IBr\neV
voltage tunable two-color detectirin this approach, volt- P Y

T ) (A=10.7um) while the 44 A wide right QW has a bound
age switching is less effective for longer wavelength detec- . .

tion because of the persistence of the shorter wavelenat tate and an extended state with an energy difference of 151
' u persi wav Ihev (A\=8.2um). We applyV,, to the top contact while

peak. keeping the bottom one grounded. The conduction band dia-

Inl thlsr:etteri(yve anesngate tlhe p:;fgncfe Of”ﬂl]f Shorltebram of this photodetector is shown in the inset of Fig. 1. For
wavelength peak in these two-color Q s forall bias vo t'positive bias, electrons tunnel from the ground state of the

ages. We fabricate a QWIP with a responsivity peak A8 o1 G\ to the ground state of the right QW. When infrared

for all voltagesV,, and a voltage tunable cutoff wavelength 1 iation is coupled into this detector, electrons are photoex-
cited from the ground state to the extended state of the right
dElectronic mail: majumdar@ee.princeton.edu QW. These photoelectrons are swept away by electric field to
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FIG. 1. Spectral responsivitR of 45°-edge coupling QWIP measured at 10 ) o )
K for (a) positive andb) negative biad/, . For both(a) and(b), |V,|=1, 2, FIG_. 3. Normallzed responsivithR of C-QWIPs as a function of C-QWIP
3, 4, and 5 V for the bottom to the top curve. Inset: Conduction bangPeriodP for different wavelengths. Symbols: Experimental data at 10 K for

diagram and photoexcitation mechanism of two-color QWIP based orV©!tage biasv,=6 V. Lines: least-squares fit of E¢L) to the data. Inset:
coupled QWs for@) positive and(b) negativeV, . side-view of a C-QWIP with three corrugations. The rays inside the

C-QWIP show back illuminated normal incidence light undergoing total

internal reflection at the sidewalls to get coupled to the intersubband transi-
form a photocurrent. Thus, we expect to detect 8@ ra-  tions in the quantum wells.
diation for V,>0. For negative bias, electron transfer from
the right QW to the left QW should lead to the detection ofenergyE,, which is obtained from the temperature depen-
10.7 um radiation. It is important to note that fof,<0,  dence of QWIP dark currenk, is larger for positive/y, than
these long wavelength photoelectrons have to tunnel througtor negativeV, . This is consistent with the fact that the
a barrier before contributing to photocurrent. detector has lowex . for positive bias than for negative bias.

We processed 45°-edge coupling QWIPs using photoliHowever,E, extrapolated to zero bias is 163 meV while that

thography and wet etching. These devices have an area gfven by the cutoff wavelength is 148 meV. This discrepancy
200X 200 um?. Au/Ge/Au contacts were evaporated and al-may indicate the presence of thermally activated current
loyed in a rapid thermal annealer to form ohmic contacts tdrom the deep donors.
the top and bottonm™-GaAs layers. ac photoresponse mea-  The absence of a peak in responsivity at 10m for
surements were performed at 10 K in the wavelength rangeegativeV, could be due to negligible absorption or low
from 6 to 12um. We show the responsivifit spectra in Fig.  gain. In order to improve the detector structure, we need to
1. The QWIP detects &m radiation for both positive and determine absorption coefficieatand photoconductive gain
negative V,. Although there is no peak in responsivity g as a function of\ for different bias voltages. We use
around 10.7um for V,<0, there is significant photoresponse C-QWIPs with different corrugation periods to extracand
between 10 and 1zZm. Thus, this detector has a voltage g. The details of this characterization technique can be found
tunable cutoff wavelength while the peak detection wavein Refs. 11 and 12. The side view of a C-QWIP with three
length is fixed at 8um. We define cutoff wavelength as  periods is shown in the inset of Fig.Ris the period of the
=\, WhereR drops to 20% of its peak valugr(\.)=0.2 C-QWIP corrugationst is the thickness of the top contact
XR(N\p), wherel, is the peak wavelength\, plotted in  layer and active MQW layers that are etched away during
Fig. 2(a), is 9 um for V,>0 and 11um for V,<0. This  processing. We fabricated C-QWIPs whh= 10, 15, 20, 30,
figure demonstrates the voltage tunability\gfof the QWIP. 40, 60, 300, and 120@m. ac spectral responsivity was mea-
Figure Zb) shows the bias dependence of electron activatiorsured at 10 K in the wavelength range 6—4& for —6 V

<V,=<6 V. We plot normalized responsivifNR) as a func-

1T ) tion of P in Fig. 3 for 6.5um=<\<7.75um andV,=6V.
.t (@ NR=R/r4, wherer is the ratio of the 77 K dark currents of
3 Ly ) a C-QWIP with period® and a C-QWIP with no corrugations
= 10 ' 1 (P=1200um in our casg Using NR instead oR for data
<’ 9 N B fitting eliminates material variations arising from processing
gL+ . N nonuniformities. NR decreases withas expected because
200 ————— ———T the average optical intensity in a corrugation decreases with
— .. (b) P. We fit the following expression to our data:
%’ 150 i - " . L] —aP
£ - NRP)= ) _ € o b [ 8T ey
o° 100} - ] reP) 9=t 24
50 6 -4-20 2 4 6 +R°P_:’ (1)
BIAS VOLTAGE (V)

6. 2. BiasV. denend o6 " lengthi. and () el where hv is the energy of infrared radiation ar, is
. 2. BiasV, dependence cutoff wavelength\. an electron _ P ;
activation energyE, of two-color QWIP.\ is obtained from Fig. 1 using C-QWIP responsivity wheR is very large.c, g, andR, are

R(A)=0.2XR(\,), where\,, is the peak wavelengtlE, is extracted from fitting parameters, ant=2.8 um is the etch depth for our

the temperature dependence of dark current. C-QWIPs. The least-squares fit of E(l) to the data for
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0.20 vV, =6V V,=-6V potential difference is needed between the coupled wells.
~oust o @ @) This can be achieved by growing a thicker AlGaAs barrier
T 0:10_#M{Wﬂm ] meﬁ'lﬂm ] between the QW pair.

S 0.05} {l ] The presence of the 7,8m peak ing for all biases and
0.00 ——t——t P the lack of any peak iy around 10.7um for V<0 can be
0.03} oy @) attributed to bound-to-extended state transition in then

c»o.oz-/ 1 /\.._ 1 well and bound-to-bound state transition in the 1@umh

0.01- 1r ""'-.____ 1 well. The tunneling probability and, hence, photoconductive
_ 000 ===y ——— gain, of the 10.7um photoelectrons can be increased by

6 ) () . . - .

g ol A 1t ] using a thinner layer of AldGay;/As in the step barrier

E between the adjacent periods of the MQW.

= 2t 1t ] . . .

o 0 N L e In conclusion, we have investigated the presence of the

6 8 10 126 8 10 12 shorter wavelength peak for both bias polarities in two-color
WAVELENGTH (um) QWIPs based on transfer of electrons between coupled QWs

under a bias. The detector we fabricated has a peak wave-
FIG. 4. Wavelength dependence of absorption coefficienta) and (d),

gaing: (b) and(e). andRy: (c) and (f) for bias voltagsv,— 6V and—6 V, length of 8um for both polarities o/, but a voltage tunable

respectively.a, g, andR, are extracted from fitting Eq1) to normalized ~ CUtoff wavelengtin.. A is 9 um for yb>p and 11um for _
responsivity data. Vp<0. We have used C-QWIPs with different corrugation

periods to extract absorption coefficiemtand photoconduc-

. . N tive gaing as a function of wavelength under different oper-
different wavelengths is shown in Fig. 3, and we see that Eqating conditions. We founde~0.1m™* with small peaks

(;) fits thle datha well. \éVe perfor;ngq thislfitting procié forat 8 and 9.8um for positiveV, and at 10um for negative
the wavelength range 6—}im and bias voltage range Vp. We also found a peak ig at 7.8 um for both bias

t0 6 V and found that the fitting is good. polarities. The QWIP responsivity line shape is determined
The detector parametets g, andR, extracted from the - ; ;
fitt d p h 9 Fi 0 for Vi—6 V by the line shape ofl. We attribute these observations to
|tt|(;1g|;:_proce urefa;e SVO_WE énv '\g/i(a]?'_g(;)] tor_ b_l ¢ insufficient electron transfer between the coupled QWs and
an '98;45)1_4( )710_r ‘F]_ V. WE Iln haa IS afmos h to low tunneling probability of the longer wavelength photo-
gpnstanltp ' '“m , In the ehnt|re wavelengt ral?ge okr Ot electrons. Based on our understanding of detector parameters
las voltages. However, there are two small peaksain a andg, we proposed a modified QWIP structure that should

aroung 8 and 9'&31 rf}or Vb:|6 V. ||:0er= _|6 Vi ﬁ pe.?ksh lead to complete switching of spectral responsivity peak
around 10um and has a large long-wavelength tail. T € when the polarity of the bias voltage is reversed.
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