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Electron transfer in voltage tunable two-color infrared photodetectors
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Two-color quantum-well infrared photodetectof@WIP9g that are based on electron transfer
between coupled QWs suffer from the presence of the shorter wavelength peak at all bias voltages.
We investigate this problem in such detectors with 50 or 200 A AlGaAs barriers between the QW
pair. We deduce the absorption coefficianand photoconductive gamof the detectors with 50 A
barriers using corrugated QWIPs with different corrugation periods. We findthat a number of

small peaks in its spectrum but its value remains almost constant between 0.1 and .21 the

6—12 um range for most experimental conditions. The wavelength dependeiggevbich always

has a pronounced peak at the shorter detection wavelength, determines the responsivity line shape.
These results are attributed to insufficient electron transfer between the coupled QWs and to low
tunneling probability of the longer wavelength photoelectrons. A comparison of measured
responsivity and calculated absorption spectrum of the detectors with 200 A barriers indicates that
there is significant electron transfer between the coupled wells. Despite efficient electron transfer,
these detectors have a shorter wavelength detection peak at all bias voltages because of significant
short wavelength absorption in both the QWs. 2002 American Institute of Physics.

[DOI: 10.1063/1.1455684

I. INTRODUCTION Voltage tunable two-color QWIPs that have one MQW

Two-color photodetection has many important applica-Stack between two contact layers are two-terminal devices
tions such as remote temperature sensing, chemical analysighere the peak detection wavelength can be changed by a
and target identification and discriminatibf.For remote bias voltage. These detectors when used with time-
temperature sensing, the peak detection wavelength of thaultiplexed readout circuits immensely simplify the fabrica-
detector must switch from one wavelength to another when &@on of focal plane arrays. Voltage tunable two-color detec-
variable, such as bias voltage, is changed. Two-colofors have been proposed in the past based on Stark shift or
quantum-well infrared photodetecto@WIPs are suitable  electron transfer between coupled QWs under an applied
for this purpose because their peak absorption wavelengias. The first approach relies on the shift of energy levels
and spectral bandwidth can be tailored by varying device anger an applied electric field. For MQW structures that con-

material parameters such as QW width, barrier compositiontain square QWSs, this shift is small since first-order linear

and barrle.r th'Ckn?SS' The simplest two-color QWIPS A hift is forbidden by symmetry. Large Stark shifts have been
three-terminal devices with two stacks of multiple QWs

(MOWs) 34 In these detectors, each MQW stack. san d_observed in asymmetrlc MQW s'Fructures W|tr11000upled Gws
or graded barrief€ or asymmetric step welfs!

wiched between two heavily doped contact layers, is de- .
y dop y The second approach is based on transfer of electrons

signed to detect a different wavelength. In detector arra , )
applications, such as infrared cameras, each QWIP acts a§Ween ground states of coupled QWs under an applied bias

pixel. In order to obtain separate optical signal from eachVb- The electron transfer process was first observed in
detector, it is necessary to keep the middle contact commof/QW structures that had alternately doped QW4 was
and the top and bottom contacts as independent pixel cohater used to demonstrate a voltage tunable two-color
tacts. Focal plane arrays with this contact scheme have seirodulatot? and detectot? In these QWIPs, the peak detec-
ous problems in detector readout electroriics. tion wavelength can be changed by reversing the polarity of
V. Unfortunately, the shorter wavelength peak is always
dAuthor to whom correspondence should be addressed; electronic maiPresent for both bias polarities. This makes voltage switching
majumdar@ee.princeton.edu less effective for longer wavelength detection.
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We investigated the origin of this problem in a QWIP
structure where each period had a pair of QWs coupled
through a 50 A AlGaAs barriéf This detector, designed for
8.2 and 10.7um detection, had &}, independent detection
peak at 8um but a voltage tunable cutoff wavelength. The
absence of the longer wavelength responsivity peakvfor
<0 V could be due to negligible absorption or low gain. For
a better understanding, we extracted absorption coeffieient
and photoconductive gaig at 6 and—6 V bias voltages at
temperatureT=10 K using corrugated QWIPE&QWIP9
with different corrugation period$ 1’ Our results at 10 K
indicated insufficient electron transfer between the coupled
QWs and low tunneling probability of the longer wavelength
photoelectrons. In this article, we report on the complete
characterization of this de.tector In the bias range frofto FIG. 1. Conduction band diagram and photodetection mechanism of two-
6V for tempera}tures ranging from .10 to 70 K. We also reDOrtcolor QWIP based on coupled QWs f@) positive and(b) negative bias
on the fabrication of a dete_ctor with a 200 A thick AlGaAs V,, . The peak detection wavelengths are for wafef@.Top view and(d)
barrier between the QW pair and show that electron transfetross-sectional view of a CQWIP with three corrugations. All the CQWIPs
is significantly enhanced in this detector. areL =700 um long andWw= 1200 um wide and have a 150150 um? top

This article is organized as follows. We describe the firsO™act Pad-

QWIP structure and the electron transfer based photodetec-
tion mechanism in Sec. Il, show responsivity data of o . )
CQWIPs in Sec. Ill, and present the deduced spectra of we expect to detect 8.2m radiation for positive bias. For

andg in Sec. IV. In Sec. V, we design a new detector shownegative bias, electrons tunnel from the ground state of the
- ' ’ RQW to that of the LQW and should allow the detection of

0.7 um radiation. It is important to note that for negative
bias, these longer wavelengtlower energy photoelectrons
have to tunnel through a triangular barrier before contribut-
ing to photocurrent.

and demonstrate efficient electron transfer between th
coupled QWSs. We summarize the main results in Sec. VI.

Il. DETECTOR STRUCTURE

We use two different two-color QWIP structures for the Ill. PARAMETER EXTRACTION
experiments described in this article. The_ first two-cqlorA_ CQWIP processing
QWIP, referred to as wafer structure A, consists of 36 periods
of coupled QWs sandwiched between a Qubn thick We processed a set of eight CQWIPs from wafer A with
n*t-GaAs top contact |aydr_]_><1018 cm 3 Si doping and a corrugation period® =10, 15, 20, 30, 40, 60, 300, and 1200
1.5 um thick n"-GaAs bottom contact laygbx 10t cm 3 um for extractinga andg. The CQWIP structure is defined
Si doping. Each period consists of a 40 A GaAs well by photolithography and wet etching. The top and cross-
coupled to a 44 A GaAs well through a 50 AAKGa, ,As  sectional views of a CQWIP with three corrugations is
barrier and separated from the next set of coupled wells by §hown in Figs. {c)-1(d). tis the thickness of the top contact
200 A Aly ,Ga, 7,As/300 A Al ,.Ga, -6As step barrier. Al layer and active MQW layers that are etched away. Each
the wells are uniformly dopet5x 101" cm™2 Si doping and ~ CQWIP is 1200um wide and 700um long and has a 150
the barriers undoped. The entire structure is grown on a 150 um?® top contact pad. Au/Ge/Ai200/200/1500 A
semi-insulating GaAs substrate by molecular beam epitaxgontacts were evaporated and then alloyed at 420 °C for 5 s
(MBE). We will describe the second detector structure into form ohmic contacts to the top and bottem-GaAs lay-
Sec. V because its design is based on the results obtain&ds. Subsequently, the detector substrate was thinned down to
from wafer A in Sec. IV. about 200um and then polished. As shown in Figd}, back

At zero bias, the 40 A wide left QWLQW) has two illuminated normal incidence infrared light undergoes total
bound states separated by 116 m@W 10.7 um) while the  internal reflection at the etched sidewalls to get coupled to
44 A wide right QW(RQW) has a bound state and an ex- the intersubband transitions in the MQWs.
tended state with an energy difference of 151 maw 8.2
um). The conduction band diagram of this detector under a
applied bias is shown in Figs(d-1(b). We applyV, to the % CQWIP model
top contact while keeping the bottom one grounded. For The CQWIP model used for extracting and g is de-
positive bias, electrons are transferred from the ground statgcribed in great detail in Ref. 17. Measured responsiity
of the LQW to the ground state of the RQW by tunneling. converted into normalized responsivitiNR) using NR(P)
When infrared radiation is coupled into this detector, elec=R(P)/r4(P), wherer4 is the ratio of the 77 K dark cur-
trons are photoexcited from the ground state of the RQW tgents of a CQWIP with period® and a CQWIP with no
the extended state above it. These photoelectrons are swegirrugationdP=1200um in our casg We fit the following
away by the electric field to produce a photocurrent. Thusexpression to our dafs:
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FIG. 2. Dark currenty vs biasV, of CQWIPs from wafer A at 77 K for 06 8 16 {2 G/ha ~1..2 0

V,>0 V. The five curves are for CQWIPs with periéd= 1200, 30, 20, 15,
and 10um (top to bottom curvg (Insep Dark current ratia 4 vs P at 77 K,

symbols: experimental data ¥t =2 (squaresand—2 V (circles, and line:

rq=(P—1t)/P, with t=2.8 um.

WAVELENGTH (um)

FIG. 3. Spectral responsivifg of CQWIP with periodP= 10 um fabricated
from wafer A for: (@) V,>0 V and 10 K, (b) V,<0 V and 10 K,(c) V,
>0 V and 70 K, and(d) V,<0 V and 40 K. The arrows indicate the
calculated peak positions of the strongest intersubband transiticns.2
—aP um for V>0 V and\ =10.7 um for V,<0 V) assuming complete electron
R(P) . e 1 e “ transfer between the coupled wells under an applied bias.

= [ _ A2at
NRP)= ) 91|t 2 (7€)

P the line indicates that material variations do exist in our
*+Ro P—t’ (1) cQwips. It also justifies the use ®IR instead ofR for

. . o ) parameter extraction.
where hv is the energy of infrared radiation arid, is

QQWIP responsivity whe is very large.a, g, andRy are CQWIP photoresponse

fitting parameters antl=2.8 um is the etch depth for the

CQWIPs. Spectral responsivityR was measured for all the
Variations in the amount of active detector material aris-CQWIPs with different corrugation periods & 10, 40, and

ing from processing nonuniformities are eliminated by using’0 K using standard ac lock-in techniques. The highest tem-

NRinstead ofR These nonuniformities arise from small dif- Perature at whictR could be measured reliably is 70 K for

ferences in slit width of photoresist or etching depth in dif- Positive bias and 40 K for negative bias. At temperatures

ferent parts of the wafer. For the same nomiRak detector higher than these, the large dark current flowing through the

with a smaller amount of active material will have a smallerdetector overloads the input stage of the lock-in amplifier.

dark current 4 and a smaller photocurrehy;,. By usingNR ~ We show responsivity spectra of tie=10 um CQWIP in

(P)=R(P)/r4(P)I(P)/14(P), we compensate all pro- Fig. 3. For positive bias, the peak Qetectlon wavelength is 7.8

cessing nonuniformities becausgis used for estimating the 4M at both 10 and 70 K. In addition to the 7.8n respon-

amount of active material left in a CQWIP after wet etching. SiVity peak, there are two small peaks at 6.8 and @2 at

For this method to work, wafer growth has to be uniform10 K and only a shoulder at 8,2m at 70 K. For negative

such that the current density is the same across the wafer. W#as, the main responsivity peak is at 7.8 for both 10 and

measured 77 K dark current of 28@00 um? mesas pro- 40 K. Apart from the 7.8um peak, there are two small peaks

cessed from different parts of wafer A and found them to beat 6.8 and 8.2um at 10 K. There is also a shoulder around

within 1% of each other. This demonstrates that the MBE-9-8 um for —4<V,,<0 V that develops into a fourth peak at
grown wafer is extremely uniform. —5 V. At 40 K, the 6.8 and 8.2um peaks are not resolved

while the shoulder around 9.g@m at small negative bias
becomes a well resolved peak-ab V.
The line shape of the responsivity spectra of all the
CQWIPs is similar to that of th&=10 um CQWIP. We
The 77 K dark currenty of a few CQWIPs is shown in  convert the responsivity data MR usingNR=R/ry4. Figure
Fig. 2 for positive bias. The detector with a largehas a  4(a) depicts typicalNR spectra of CQWIPs with different
largerl4 because it has more active material. The dark cureorrugation period® at —3 V and 10 K. The largestRis for
rent ratior y=14(P)/14(P=1200 «m) is shown in the inset the P=10 um CQWIP and the smallest for the=1200um
of Fig. 2 as a function oP for V,=2 and—2 V with sym-  one.NR decreases witlP® as expected because the average
bols. In the absence of processing nonuniformitieg, optical intensity in a corrugation decreases with increabBing
=(P—1)/P for 45° etched sidewalls. Hetes the etch depth From Fig. 4a), we obtain the value oiR at a fixed wave-
of the CQWIPs. This value af;, which is assumed in the length for different values oP. The results at-3 V and 10
derivation of Eq.(1), is shown in the inset of Fig. 2 with a K are plotted in Figs. é)—4(c) for different wavelengths.
line for t=2.8 um. The deviation of the dat@ymbolg from  We fit Eq. (1) to this data and obtaim, g, and Ry. The

C. CQWIP dark current
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FIG. 4. NR of CQWIPs from wafer A at-3 V and 10 K.(a) NR spectra for
WAVELENGTH (um)

corrugation period®=10, 15, 20, 30, 40, 60, 300, and 12(n (top to
bottom curve. (b)—(c) NRvs P at different wavelengthgsymbolg experi-

mental data fron{a) and (lines) least-squares fit of Eq1) to the data. FIG. 5. Absorption coefficient spectra of structure A(@:10 K and(b) 70

K for different positive bias voltages is extracted from fitting Eq(1) to
normalized responsivity data.

least-squares fit is shown with lines and we see that(Bq.

fits the data well. We repeated this fitting procedure for dif-of the parameter extraction procedure, there is insignificant
ferent operating conditions and obtained fits as good as theénange ina as a function oW, at the samd.. This result is
ones shown in Figs. (8)—4(c). This indicates that the different from that observed by Chet all’ and Liuet al®
CQWIP model, which was originally proposed for one-colorfor one-color QWIPs. Using the same parameter extraction
QWIPs, describes infrared absorption in two-color QWIPsscheme used in this work, Chet al*” observed up to 26%
satisfactorily. The deduced parametetsy, andR, are pre-

sented in Sec. IV.

@T=10K (b) T =40K

IV. DETECTOR PARAMETERS 0.2 V.= -6V 02
A. Absorption coefficient  a 0.1 #‘m‘ﬂﬁﬁﬁﬁﬂ 0.1
The absorption coefficienw obtained from the extrac- 0.2 V. =-5V 02

tion procedure is plotted for different positive bias voltages

in Fig. 5. At 10 K, @ has a small peak at 6.8m and in- 0.

-

+++“+++H'+H+H+++++ﬁ +*+H+++++'*++H+++++ 0.1

creases with for A>7 um andVy,<3 V. At V,=4 and 5V, 0.2 v, =-4V 0.2
there are two small peaks at 6.8 and @&, while atV, # +.H- H 'H'HH

=6 V there are three small peaks at 6.8, 8, andMm8 At 0.1} et bt " +++ 01
70 K, we observex has a small peak around g#m for all 0.2 Tvb=-3v 0.2

values ofV,, a larger peak around 1&m for V,=3 V, and
a very small peak around 8m for Vy=4 V. The deduced
spectra ofx under negative bias are shown in Fig. 6. There is

0.1 +*++++++++*++++++ +++++*+++++H++H+++++ 0.1

ABSORPTION COEFFICIENT (um')

a small absorption peak at 68n for all negative voltages. 0.2 + * V,=-2V 0.4
For |[Vp|<4 V, a has a second broad peak around gré. o1 ++H.+++H++++ HH+H+ 02
For |V|=5 V, this 8.5 um peak disappears while another ' # :
peak emerges at 18m. This 10um peak has a large long- 0.2 T V,=-1V I 0.4
wavelength tail. At 40 K, there is an absorption peak around ++++ ++++'H ++T+ J

6.8 um, a second peak around.8n for |V,|=2 V, and a 01" W b 02
third peak at higher wavelengths around 1@uf for |V, 6 8 10 126 8 10 12
=3 V. WAVELENGTH (um)

Figures 5 and 6 show a nu_mber of small peaks in th%IG. 6. Absorption coefficient spectra of structure A@: 10 K and(b) 40
spectrum ofe. The value ofa lies between 0.1 and 0.2  for different negative bias voltages. is extracted from fitting Eq(l) to

wum~ 1 for most values oW\, andT. Within the limits of error  normalized responsivity data.
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reduction ofe asV, was increased from 1 to 5 V for a QWIP RPN T ok
_ . 0.03} (a) 10K ] ) 10K 19 03
with a peak detection wavelength of 8#m. For a 9um Aoy ;e
QWIP, Liu et al*® found an 11% reduction in absorbance as z oozt ,/'F\"-\ -2y i ~+-2v1002
V), was increased from 0 to 5 V. Both groups attributed their o ;/ H \
results to the depletion of electrons in the QWs under an 2 001 'g/f,«"‘-.:\;\_ A % 1o
applied bias. Our results, therefore, indicate that the total S ool® Wi (S 0.00
. . . D N T T T T - T "
number of electrons in the QW pair does not change with Z ool o]l @K 003
bias in the—6 to 6 V range. 3 BTl M
Figures 5 and 6 also show, within the limits of error, that 5 002t /'F\'\ —e2v]l| -2V g0
. . M —o—1v o1V
«a practically does not change with at the same/,, except T I D\D\.\ Egsﬂ-
for the 6.8 um peak atvV,=—1 V. For an 8.4um QWIP, 0.01 'if«"‘»fa"-\_ ANRY 10.01
Choi et all’ found a 14% reduction of asT was decreased 0.00 wfvc},‘; .Y P
from 70 to 10 K. Their observation was explained by finite 6 8 1 126 8 10 12

carrier freezeout at low temperatures. The lack of @rde- WAVELENGTH (um)

pendence ofvin the 10-70 K range in our QWIP, therefore, FIG. 7. Photoconductive gain spectra of structure A farV,>0 V and 10
implies insignificant carrier freezeout. K, (b) V,<0 V and 10 K,(c) V,>0 V and 70 K, andd) V,<0 V and 40

If there is significant electron transfer between theK. The lines are a guide to the eyg.is extracted from fitting Eq(1) to
coupled QWs under an applied bias, the absorption Spectruﬁtpr_malized responsivity data. T_ypical error bars are 10% and have been
a(\) should exhibit distinct peaks around 8.2 and 1fri omitted from the graphs for clarity.
for positive and negative bias, respectively. For most operat-

?ng conditions,@~0.1-0.2um™ ! is approximately constant The presence of the 7,8m peak in gain for all biases

in the .6—12,um wavelength range. Also, there are small 5ng the lack of any peak ig around 10.7um for negative
peaks ina at both shortA~8 um) and long(\~10 um)  pias can be explained as follows. The fufh peak corre-
wavelengths for both bias polarities. This suggests 'nSUff"sponds to the bound-to-continuum transition in the RQW,
cient transfer of electrons between the coupled QWs undefhereas the peak at 10, which is absent fov, <0 V, is

an applied bias. We ascribe this to the small voltage drop,om the bound-to-bound transition in the LQWee Figs.
between the coupled QWs. The coupled wells have a 50 A5)_1(h)]. Once photoexcited, the short wavelength elec-
AlGaAs barrier between them and are separated from thgons are swept away by the electric field while the long
next set of coupled wells by a 500 A AlGaAs step barrier.,ayelength photoelectrons have to tunnel through a triangu-
\oltage division between these two barner.s leads to less thag, parrier before being swept away by the electric field to
10% of the voltage drop across each period of the MQW tGorm g photocurrent. Therefore, the gain of the short wave-
drop between the coupled QWs. For exampleVgt6 V,  |ength photoelectrons is much larger than that of the long
only 15 mV drops across the 50 A barrier between thewavelength ones. Consequently, there is a Zm8 peak in
coupled wells out of the 160 mV that drops across eaclbam at all voltages and no peak around 10t for negative

period of the MQW. bias.
C. R,
B. Photoconductive gain g The third detector paramet®;,, which accounts for the

The deduced values of detector ggiare plotted in Fig. €xperimentally observed nonzero responsivity of CQWIPs
7 for different operating conditions. has a very pronounced With very largeP, is shown in Fig. 8 forT=10 K. The 40
peak at 7.8um for both bias polarities in the temperature @d 70 KR, spectra have similar peak positions and line
range 10—70 K. For positive biag, decreases sharply for Shape. From Figs. 3 and 8, it is clear tigtandR have the
A>7.8 um and is zero foh >10 um. However, for negative Same peak positions and similar linewidth at the s&pand
bias,g decreases slowly beyond 7:8n and does not go to

zero for long wavelengths. There is a distinct shoulder T=10K

around 9.5um that becomes a small peak-ab V and 40 K 8 o (o e 8
(not shown in Fig. Y. It is also clear from Fig. 7 that for . @ v ()-"\ AV .
V,>0V, g increases almost linearly with, up to 5 V at 10 I vl 2 ooy

K and 4 V at 70 K and then saturates. Rey<<O V, g in- %E\ ——1v || /j‘ a1V 4

R, (MAW)
=N
yel B

creases sharply with increasifg,| up to —3 V at both 10 Y r ‘qa:::g

and 40 K and saturates at higher negative voltages. The pro- 2 E;%‘@\_ 1 —?d&o ‘%‘ 2
nounced peak in gain at 7.8m and the relatively wave- 0 "’-':13:5,‘ ] [ e prmmmanzo0os, e 0
length insensitivex lead to the bias independentn peak 6 8 10 126 8 10 12
detection wavelength. From Figs. 3 and 7, we see that the WAVELENGTH (um)

line shape ofR is determined by the line shape gf The FG 8. S o of A at 10 K for(a) V,>0 V and ()
- Lo . 8. Spectrum oR, of structure A at ori(a) Vp> an
peak value Ofg (~0.03 |mpI|es ,that phOtoe,leCtronS from »<0 V. The lines are a guide to the ey, is extracted from fitting Eq(.1)
one QW, on the average, travel just one period in the MQWq normalized responsivity data. Typical error bars are 5% and have been
structure before being captured by another QW. omitted from the graphs for clarity.
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T and very similar bias dependence at all temperatures. 45°-edge coupled QWIP, T = 10 K
These observations, similar to that of Chetral*® and Choi T el 1, el
et al,!” indicate thatR, arises from the same intersubband g 50| 1L 150
transitions in the MQW that lead ®. R, is attributed to the E L4V
responsivity from the-polarized light reflected from the two - 40 r 140
mesa edges that are perpendicular to the corrugations. 2, 30t L 430
g 20f A 20
V. ENHANCED ELECTRON TRANSFER BETWEEN @ 2V
COUPLED QWs & 10} TN
In the previous section, we found that detector A has the 06 8 10 126 8 10 120
following problems(i) insufficient electron transfer between WAVELENGTH (um)

the coupled QWs under an applied bias, @ndlow tunnel- »
FIG. 9. Spectral responsivitR of 45°-edge coupled QWIP from wafer B

ing probability, and hence, low gain of the longer wavelengthmeasured at 10 K forta) V,~0 V and (b) V,<0 V. In both (@) and (b).
photoelectrons. To enhance electron transfer, a larger potefy,|=1, 2, 3, and 4 V from the bottom to the top curve. The arrows indicate

tial difference is needed between the coupled wells. This cathe calculated peak positions &) V,=3 V and(b) V,=—3 V assuming
be achieved by growing a thicker AIGaAs barrier betweencomplete electron transfer between the QW pair.

the QW pair. The tunneling probability and photoconductive

gain of the longer wavelength photoelectrons can be in-

creased if a thinner AbgGa 7 As layer is used in the step =4 v, the 7.3 and 10.3um peaks are not resolved iR
barrier between the adjacent periods in the MQW. We degjthough there is a shoulder agin. For small negative bias

signed and fabricated a new detector based on these consigp to—1V, there are two broad peaks centered at 8.2 and 9.7

erations. wm and a small peak at 6,8m. At higher negative bias, the
A. Structure 8.2 um peak develops into two peaks. One of these peaks
shifts down to 7.9um and its position is independent of the

The new QWIP structure, grown on a semi-insulatingpiag \oitage. The other peak shifts to higher wavelengths
GaAs substrate by MBE and referred to as wafer structure EWith increasing bias and is centered at gm for —3 V. The

consists of 36_ periods Og COL_’gle‘_j QV\_/S sandwiched b‘z‘lt\’ve‘:“g'econd broad peak at 9uin for —1 V also shifts to higher
top (0.5 um thick, 1< 10*° cm~* Si doping and bottom(1.5 wavelengths with increasing, and is at 10.5um for —3 V.

um thick, 5X 10" cm™® Si doping n*-GaAs contact layers. Tpo small peak at 6.3um is independent of/,, for —4
Each period consists of a 40 and a 44 A GaAs QW couplecgvbg —1V

through a 200 A A} ,{Ga, -,As barrier. The thickness of this

barrier was increased from 50 A in structure A to enhance

electron transfer between the QW pairs. The QW pairs arg. cgjculated absorption spectrum

separated from each other by a 50 A, AGa, ;,As/300 A _

Al 053 7As step barrier. The AbdGa, 7,As part of this We calculated the energy levels and wave functions of
step barrier was decreased from 200 A in wafer A to increasgtructure B for different values df, using the transfer ma-
the gain of the longer wavelength photoelectrons. The 40 Arix method: At zero bias, the lowest levets, andE, are 2
LQWs are uniformly doped7 x 107 cm~2 Si doping while meV apart WlthE.l in the RQW a}ndE2 in the LQW. Both the
the 44 A RQWSs and the barriers are undoped. Only théVells are occupied. The Fermi energy is 6 mleV f92 the
LQWs are doped to ensure the depletion of the RQWs fofWo-dimensional electron density,p=2.8x 10" cm™? in
longer wavelength detection at negative bias. For positivéach unit of the MQW. For positive bias, the separation be-

bias, electrons transfer from the LQW to the RQW and leadWeenE; andE; increases. When the energy difference ex-
to the detection of the shorter wavelength radiation. ceeds 10 meV, all the electrons should be in the RQW with

Er=10 meV. This is the case at,=3 V whereE, is 30
meV aboveE ;. For negative biag;; is in the LQW and its
separation fronE, in the RQW increases withV,|. At V

We processed 45°-edge coupled QWIPs from wafer B=—3 V, E; is 25 meV belowE,. Thus, all the electrons
for detector characterization. 2800 um? mesas were de- should be in the LQW witlEr=10 meV.
fined by photolithography and wet etching. A 1500 A thick The oscillator strength of optical transitions from the
layer of AuGe alloy was evaporated and then alloyed aground state of each QW to the excited states is obtained
420 °C for 5 s toform ohmic contacts to the top and bottom from the computed wave functions. Then we calculated the
n"-GaAs layers. 45° edges were then polished on the sidembsorption spectrum under the assumption that there is com-
of the samples to couple infrared radiation to the intersubplete electron transfer under an applied bias and that each
band transitions in the MQWs. individual transition is inhomogeneously broadened. Ran-

The responsivity of these 45° edge coupled detectorslom fluctuations in material parameters like the well width
was measured at 10 K in the 6—12n wavelength range. and the barrier height cause inhomogeneous broadening of
The responsivity spectrum of a typical detector is depicted irintersubband transitior'S.The broadened line shape consid-
Fig. 9. For positive bias up to 3V, there is a pronounced pealkred here is Gaussian. A standard deviation of 8 meV was
at 8 um and small peaks at 6.4, 7.3, and 1@B. At V,  found to give the best fits to the peak positions in responsiv-

B. Responsivity
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FIG. 10. Calculated absorption spectrum of structure B at bias volgge
=3 and—3 V assuming complete electron transfer between the QW pair.

ity. The calculated absorption spectr@\) are shown in Fig.
10 forV,=3 and—3 V.

D. Discussion

If there is complete transfer of electrons between thq
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detector design. Further improvement would require wave
function engineering to reduce at shorter wavelengths for
negative bias voltages.

VI. CONCLUSION

In conclusion, we have investigated the presence of the
shorter wavelength peak for both bias polarities in a two-
color QWIP that is based on transfer of electrons between
coupled QWs under a bias. We fabricated detectors with 50
or 200 A AlGaAs barriers between the coupled wells. The
first structure, with 50 A barriers, exhibits a bias independent
peak detection wavelength at @&m but a voltage tunable
cutoff wavelength. We used CQWIPs with different corruga-
tion periods to extractr andg in the bias range from-6 to
6 V and temperature range 10—70 K. We found a number of
small peaks in the spectrum af However, the value od is
between 0.1 and 0.2m ™! in the 6—12um range for most
values ofV,, andT that indicated insufficient electron trans-
fer between the coupled QWs. We also found a pronounced
peak ing at the shorter wavelength for all values\¢f and
T. The absence of a longer wavelength pea§ far negative
bias is attributed to the low tunneling probability of the
onger wavelength photoelectrons. Based on these results, we

QWSs under an applied bias, the peak positions in the reSPORoncluded that a thicker AlGaAs barrier between the QW

sivity spectrumR(\) should match the peak positions of

air should enhance electron transfer. We therefore fabri-

a(M). The relative sizes of the responsivity peaks need not b ated the second detector with 200 A thick AlGaAs barriers

the same as that ak(\) because responsivity depends on

both a(\) and energy dependent photoconductive gpiAt
V=3V, there are three peaks if\) at 6.3, 7.3, and 10.6
pum. The 6.3um peak is a combined result &;—E; and
E,— E,, transitions. SinceE; is in the RQW, we call the
E,— Eq; transition R11. The 7.3um peak comes from the
combined R9 and R10 transitions while the 16 peak is

from the R6 transition. These three peak positions are i

excellent agreement with the obseni@) peaks at 6.3, 7.3,
and 10.3um. The fourth responsivity peak at@8n is, how-
ever, not seen in calculated)). It is most likely due to the
shifted R9 transition in the actual growth structure.\At
-3V, a(\) has four peaks at 6.1, 7.3, 8.9, and 1.5

and observed significant electron transfer between the QW
pairs. Despite efficient electron transfer, the shorter wave-
length peak is always present in the second detector due to
significant short wavelength absorption in both quantum

wells.
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