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Optimization of blazed quantum-grid infrared photodetectors
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In a quantum-grid infrared photodetect@@GIP), the active multiple quantum well material is
patterned into a grid structure. The purposes of the grid are, on the one hand, to create additional
lateral electron confinement and, on the other, to convert part of the incident light into parallel
propagation. With these two unique functions, a QGIP allows intersubband transition to occur in all
directions. In this work, we focused on improving the effectiveness of a QGIP in redirecting the
propagation of light using a blazed structure. The optimization of the grid parameters in terms of the
blaze angle and the periodicity was performed by numerical simulation using the modal
transmission-line theory and verified by experiment. With a blazed structure, the sensitivity of a
QGIP can be improved by a factor of 1.8 compared with a regular QGIP with rectangular profiles.
© 1999 American Institute of PhysidsS0003-695(99)02049-5

Quantum well infrared photodetecté®WIP) technol-  choosing 2y= 6, where v is the blaze angle and is the
ogy has matured rapidly in the last several yéaFbe inven-  first-order diffraction angle. According to this prescription,
tion of the corrugated light coupling scheme adds to its siman optimized blaze design for QWIP material would have
plicity, versatility and sensitivity:® To further advance the 6=90° (i.e.mp=2\/n) and y=45°, wherep is the grid pe-
technology, intense efforts have been directed to producgodicity, \ is the incident wavelength, andis the average
three-dimensional confined structut&so overcome the di- refractive index of the grid. The flexibility of QGIP process-
pole selection rule for optical transition and to increase theng allows arbitrary values op and y to be fabricated by
carrier lifetime of the detector. Among different approachesdirecting the reactive ion beam at an oblique angle during
the quantum-grid infrared photodetectt®GIP) structure — material etchind:® With a proper blazed QGIFBQGIP) de-
has been proposédn which the additional lateral confine- sign, a higher coupling efficiency is expected. Figure 1
ment in a QWIP structure is achieved by patterning the acshows the BQGIPs with both lamellar and crossed grid pat-
tive material into either a lamellar grid or a crossed gridterns.
structure. In addition to the expected intrinsic normal inci- However, it turns out that although the basic concept of
dent absorption from the lateral quantization, the grid als@ blaze design is useful, the above prescription is not appli-
serves as a diffraction grating to direct part of the incidentcable to the present detector geometry. First, the infrared
light into parallel propagation. With light coming into the
detector material from all directions, intersubband transitions
in all directions can occur simultaneously, leading to a po-
tentially larger quantum efficiency.

Previously® we observed that when the line width of the
grid is larger than 0.fum, the effects of lateral confinement
is negligible, and the grid serves purely as a light diffraction
device. For example, the maximum photoresponse of a QGIP
occurs when the first-order diffraction angle according to the
grating equation is at 90°. At this maximum, the sensitivity
of the QGIP was found to be 1.3 times higher than that with
the standard 45° edge coupling. This results shows that a
QGIP is quite effective in light coupling. In this work, we
tried to further improve its coupling efficiency using differ-
ent grid sidewall profiles. In grating design, it is well known
that a blazed reflection grating can shift the optical power
from the usual zeroth-order diffraction to the first order by

3Electronic mail: leonid@ee.princeton.edu FIG. 1. SEM micrograph of cross section(@j a rectangular QGIP an(th)
Ypresent address: U.S. Army Research Laboratory, 2800 Power Mill Roady blazed QGIP. A top view of the crosséd) rectangular andd) blazed
Adelphi, MD 20783. QGIP. All bars are Jum.
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absorption occurs within the grid material, where optical in- 3
tensity should be maximized. Second, unlike the usual 2
blazed grating with saw-tooth grooves, each QGIP grid pe- ]
riod contains two slanted reflecting surfaces at the side and
one parallel reflecting surface at the top. The presence of this
internal structure within each period accounts for a collective
interference that is more complex than that in saw-tooth pro-
files. Finally, each grid line contains at the top a metal strip
that also affects the electromagnetieM) field distribution
within the grid. Therefore, rigorous numerical electromag-
netic field simulation techniques have to be invoked in this
case.

Among different EM field simulation techniques such as
the finite-difference time-domain technigtiethe beam-
propagation methotf, and various coupled-wave schentés,
the modal expansion techniqdésave been very successful longitudinal direction (um)

n prgwdmg .bOth. rigorous num?rlcal .SOIUUOUS a.‘nd ImportamFIG. 2. Distribution of the electric fieltE,|, normalized to the magnitide of
physical insight into problems involving periodic SUrUCtUres. ye jncident longitudinal electric field, within a blazed QGIP with
Recently, a modal transmission-line thejérbas been devel- =3.2um and the sidewall profile shown in Fig(td for A =7.6 um. Metal
oped for multilayered grating structures. In this theory, ais assum_ed on top of the gr(mi_ckline). The discontinuity of_the fielq Iines_
general soluton of the EM fied n every materallayar- 2 e €01s 065 01¢ L i e o e smal chnge 1 e et
cluding the grating regionis expressed in the form of rigor- guantum wels.

ous modal expansions. Each field mode consists of a sum-

matl_on over aII. the diffracted ordfe'rs generated by theF=7.6p,m), the value ofa was peaked at certain values of
grating. Appropriate boundary conditions are set up at al

. : ; : rid periodicity p when the thickness of the grid line was
interfaces to match each diffraction order across every mteearied. In the fabricated structures as shown in Fig) and

face. The problem can then be cast into and solved by a ig. 2, however, the values gfare slightly different for the

equivalent transmission-line network which provides transfer{W0 slanted surfaces, being 52° and 62°, respectively. To be

matrices expressing input-output field relationship in every  re specific, the dashed curve in Fig. 3 shows the theoret-
material layer. In this framework, the EM field distribution '

ted by the incident infrared radiation is obtained ical value ofa as a function op for the actualy experimen-
generated by the incident infrared radiation 1S obtaine Suct'ally realized. Atp=3.2um, a«=2.5, which means an opti-
cessively from layer to layer by matrix multiplication.

. mized (lamellan BQGIP to be 2.5 times more effective than

_ Although Fhe onglnal theory was dgvelo_ped for Iamellr_;tr,[he 45° edge in optical coupling. In order to compare a
dielectric gratings with rectangular profiles, it can be readllyBQGlp with a regular QGIP with rectangular sidewalls, we
extended to those with arbitraflamellan sidewall profiles

and to situations involving metal grating strips. For the

height (um)

-3 -2 -1 0 1

present detector geometry, we partitioned the blazed grid 35— ' ‘ ' !
structure horizontally into a sufficiently large number L

(twenty or more of sublayers so that each sublayer can be 3.0 — ]
approximated by a rectangular grating. To include the effects r

of the metal strips, the total EM field is obtained as the o5 v

superposition of a primary field and a secondary one. The i i3 i
former is generated by the incident field if the metal strips i & o9 ]
are absent. The secondary field is due to an equivalent sur-© 20¢ \‘<>

face current] which is set up at the locations of the metal ?g / g 1
strips.J is determined by a Galerkin proceddfewhich sat- @ 15

isfies the boundary conditions thé) the total horizontal i
electric field at the metal-semiconductor interface is zero 10
and (b) the currentd is given by the discontinuity in the
horizontal magnetic field across that interface. The details of
these procedures will be published by some of the authors in ,
a later publicatiort® Figure 2 shows the numerical result of A
|E,| in a typical BQGIP, wheré&, is the electric field com- 0.01 : é ' é ‘ "1 : g : &
ponent vertical to the layers. Intersubband transition of a _
regular QWIP is known to be directly proportional [1B,]2. perigd (L)

To assess the effectiveness of a BQGIP in light couplingriG. 3. Measured coupling efficiendg/R(45) of the rectangular QGIPs
we evaluated the ratia which is the cross-sectional aver- (®) and the lamellar blazed QGIRS ) is plotted for samples with different

aged|E |2 within the grid material over that of a 45° cou- grid periodicity. The solid and dashed curves are the corresponding theoret-
X ical curves with no adjustable parametefd) and (V) are experimental

. . . 2 2
pl'ng QWIP, ie., a=<| Ex| >/<| Ex| >_45- We found that for points for two samples with crossed blazed grid patternsian@.7 and 1.0
fixed values ofy (=60°), line spacing (=1.5um), and\ um, respectively.
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also calculatedr for rectangular QGIPs witls=1.0um. In addition to the lamellar BQGIPs, we have also begun
The result is shown in Fig. 3 as a solid curve. In this case, to investigate both theoretically and experimentally the
peaks ap=2.4um with a value of 1.4. Hence, the coupling BQGIPs with crossed patterns. A crossed blaze grid can be
efficiency can be improved at least by 80% from a regulamproduced by directing the ion beam along one of the diago-
QGIP by adopting a blaze design. nal axis of the crossed pattern, with an appropriate oblique
We have fabricated and characterized both the BQGIPangle 8 relative to the material surface. To yield a value of
and the regular QGIPs. The QWIP material consists of 2@B0° for v, 8 is 50°. In the absence of a more specific theo-
periods of GaAs/A|Ga -As. We have minimized the top retical guidance, we have fabricated and characterized two
contacting area by having a small metal bridge connecting tarossed BQGIPs witlp=2.4um and linewidthw=0.7 um
a separate bonding pdd detailed description of the sample (A in Fig. 3) and 1.0um (V in Fig. 3). The data show that
processing can be found in Rej. @amellar Ni grid patterns R/R(45) is about three times larger than that of a lamellar
with 146 umX146um total area were created on the sampleBQGIP atp=2.4um. This difference is larger than the ex-
surfaces by electron beam lithography and lift-off tech-pected factor of two based on the simple assumption that a
nigues. The Ni grid serves as a mask in the Gased crossed grid couples to both polarizations of the radiation.
reactive-ion-beam etching to remove the unwanted QWIRDbviously, a three-dimensional extension of the theory is
material. The Ni metal remains on the detector during detecreeded to account for the present experimental result and to
tor characterization. The etching causes no significant matdurther optimize the detector. Nevertheless, the coupling ef-
rial damage to the sidewalfsA reference sample with the ficiency of these unoptimized detectors has already shown
same total detector area but no patterns was prepared for 42°7 times larger than that of 45° coupling.
edge coupling. In summary, we have shown that the blazed grid struc-
In order to determine the coupling efficiency of the gridsture offers a new design concept which increases the cou-
without the influence from the intrinsic detector properties,pling efficiency of a QGIP. We developed a theory which
the ratioR/R(45) was measured, wheRas the photocurrent enables us to calculate and optimize the EM field distribution
to dark current ratio of a QGIP ang(45) is that of the quantitatively before detector fabrication for the lamellar
reference sample. The photocurrent is measured at 10 K arsfructures. We have fabricated and characterized the BQGIPs
AN=7.6um with a calibrated blackbody source using acand observed a 77% increase in the coupling efficiency. The
lock-in techniques. The dark current is the thermally acti-experimental result verifies the validity of the present theo-
vated current measured at 77 K. By taking the photocurrentetical approach. Further improvement is expected for
to dark current ratio, the detector area, the electron mobilitycrossed BQGIPs.
and the hot-electron escape probability will be cancelled out; ) o
Ris dependent only on the ratio of the photoelectron density ' "€ Work was partially supported by the ARO. Sandia is
to the thermal electron density. If we further take the ratio® Multiprogram laboratory operated by Sandia Corporation, a

RIR(45), the thermal electron density and the effects of thd-0ckheed Martin Company, for the United States Depart-
electron doping density and the recombination lifetime onMent of Energy under Contract No. DE-AC04-94AL85000.

the photoelectron density can also be factored out. The re-
sulting R/R(45) becomes independent of all the intrinsic de-
tector parameters, and it is only a function of the relative | | § g
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