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Plasmonic enhanced quantum well infrared photodetector

with high detectivity
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We report a normal-incident quantum well infrared photodetector (QWIP) strongly coupled with
surface plasmon modes. A periodic hole array perforated in gold film was integrated with
Ing 53Gag 47As/InP QWIP to convert normal-incident electromagnetic waves into surface plasmon
waves, and to excite the intersubband transition of carriers in the quantum wells. The peak

responsivity of the photodetector at

~8 wum was ~7 A/W at the bias of 0.7 V at 78 K with the

peak detectivity as high as ~7.4X 109 ¢cm Hz"?/W. The full width at half maximum of the
response spectrum was only ~0.84 wm due to a narrow plasmonic resonance. © 2010 American

Institute of Physics. [doi:10.1063/1.3419885]

Since Ebbesen er al.' found the extraordinary optical
transmission of periodic metal nanohole arrays by surface
plasmons, properties of surface plasmons have attracted a
lot of research interests and been applied into many
applications. % For example, surface plasmons have been used
to improve the efficiency of optoelectronic devices such
as solar cells,’ l1ght emitters,’ semiconductor lasers,” and
photodetectors. Recently, periodic metal hole arrays have
been applied to quantum dot infrared photodetectors to en-
hance the efﬁciency.7’8 However, as far as we know, there is
still no experimental study on applying surface plasmons to
enhance the sensitivity of quantum well infrared photodetec-
tor (QWIP). Unlike quantum dot infrared photodetectors,
QWIP is only sensitive to the electromagnetic (EM) waves
which have electric field component normal to the quantum
wells surface (TM mode) In the mid and long-infrared
wavelengths, where most QWIP devices are operational, the
penetration depth of surface plasmons in metals is greatly
reduced. Therefore, it yields a low optical loss, and surface
plasmon waves have a long propagation length % Surface
plasmon supports TM mode and requires the electric field
being normal to the surface because of the generation of
surface charge.11 In addition, a carefully designed plasmonic
array forms standing waves and produces a cavity effect,
which leads to an enhanced transverse plasmonic mode.
Therefore, if properly coupled, surface plasmons can reso-
nate with electron intersubband transitions, and efficiently
excite carriers in the QWs to generate a strong photocurrent.

To simulate the surface plasmon waves and electric field
component distribution we used three-dimensional finite-
difference time-domain methods. The simulated structure is
shown in Fig. 1(a), where the source is a normally incident
plane wave. After optimizing the electric field intensity dis-
tribution at the wavelength of ~8 um, where our QWIP
device works, we selected the diameter of the holes d as
1.4 um, the lattice constant of the array a as 2.9 wm, and
the thickness of Au layer ¢ as 40 nm. The Au layer perforated
with holes array is on top of Iny 53Gag 47As/InP semiconduc-
tor layers. Figure 1(b) shows the simulated spectrum of |E,|?
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averaged across the whole quantum well active region be-
tween 140 and 584.8 nm below the Au/Semiconductor inter-
face [the exact structure is shown in Fig. 2(a)]. The values on
the y-axis show the enhancement ratio of the averaged |E,|?
compared with |E|? for a structure without the surface plas-
mon layer. At the peak wavelength, the electric field en-
hancement ratio by the surface plasmons is more than five.
The E, intensity (|E,|?) effectively represents the amount of
light being absorbed by the detector, because QWIPs are
only sensitive to electric field in the growth direction. The
spectrum shows a strong resonance peak at the wavelength
of ~7.95 wm with the full width at half maximum (FWHM)
of ~0.84 um or ~16 meV, which is due to the (1, 0)
surface plasmon mode on the Au/semiconductor interface.
Figure 1(c) shows |E,|* in the central plane of the active
region at the peak absorption wavelength. The circles in the
figure represent the positions of the holes perforated in the
top Au film. Strong surface plasmon waves are generated in
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FIG. 1. (Color online) (a) A schematic of the simulated structure; (b) aver-
aged E, intensity enhancement ratios in the quantum well active region
compared with E intensity without surface plasmonic coupling at a normal
incidence; (c) E, intensity in the x-y plane at the center of the active region
at the peak absorption wavelength; (d) E, intensity in the x-z plane at the y
point with the peak E, intensity at the peak absorption wavelength (the
active region of quantum wells is between the white dash lines).
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FIG. 2. (Color online) (a) The growth structure of the QWIP; (b) SEM
image of eight periods of quantum well active regions (the brighter region is
the doped InGaAs layers); (c) simulated and experimental XRD curves of
eight periods of quantum wells.

the active region between the holes and the electric field
component E, is greatly enhanced because of the surface
plasmon generation. Figure 1(d) illustrates |E,|?> distribution
in the x-z plane starting from the Au/semiconductor interface
at the y point with the peak |E,|>. A large E, component
almost covers the entire lattice period in the active region
and the E, intensity is still very strong even at 800 nm below
Au/semiconductor interface. Therefore, most of the quantum
well active region can effectively receive and absorb the EM
waves with a considerable E, component.

The device structure of the QWIP is illustrated in Fig.
2(a). The parameters of the quantum wells were selected
to achieve a peak absorption wavelength ~8 um with a
bound-to-continuum transition.'”> The sample is grown by
metal-organic chemical vapor deposition on a (001) oriented
semi-insulating InP substrate. It includes eight periods of
5.6 nm thick Ing 53Gag 47As quantum wells doped with Si to a
concentration of 2.5X 10" ¢m™ and 50 nm thick undoped
InP quantum barriers. The quantum wells are sandwiched
between two highly doped Ings;Gag4sAs (1 X108 cm™)
layers with the thicknesses of 40 and 500 nm separately for
forming top and bottom Ohmic contacts. The quantum well
region is designed to be very close to the top surface for
maximized coupling with surface plasmon waves. Figure
2(b) is the high-resolution scanning electron microscope
(SEM) image of the quantum well region. Figure 3(c) shows
the x-ray diffraction (XRD) results of the grown layers after
optimizing the growth conditions, which indicates the excel-
lent uniformity, and control over layer thickness and material
compositions. A large number of satellite peaks also indicate
a high-quality growth of the materials. After the growth of
the layers, the sample was defined into 130X 130 um? me-
sas by standard photolithography and chemical etching. A
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FIG. 3. (a) Fabricated QWIP device with periodic Au holes on the top of the
mesa, the right pattern is connected to the top contact, and the lower pattern
is connected to the bottom contact; (b) the enlarged oblique view of the
periodic holes in Au film produced by FIB milling.

passivation layer of 360 nm Si\N, was deposited on the
sample by plasma-enhanced chemical vapor deposition. A
thick Ti/Au layer (500 nm thick) was patterned besides the
mesas and formed Ohmic contacts to the top of the mesa via
a small opening in the Si,N, layer. Below the mesa, another
thick Ti/Au layer formed Ohmic contacts to the bottom of
the mesas. On top of the mesas, Si,N, layer was etched by
reactive ion etching, and 40 nm thick Au layer was deposited
by electron beam evaporation and patterned with periodic
holes using focal ion beam (FIB) milling. A final device
structure is shown in Fig. 3(a). On the right side of the mesa
the metal is connected to the top Inj s3Ga, 4;As layer forming
the top contact, and the pattern below the mesa is connected
to the bottom Injs53Gaj4;As layer forming the ground con-
tact. Both contacts are wire-bonded. Figure 3(b) is the SEM
oblique view of the holes perforated in Au film on top of
the mesa. The measured diameter d of the hole is 1.4 um,
and the period a of the array is 2.9 um. The conditions of
FIB milling were optimized to get a smooth edge of the holes
and to minimize the damages of the semiconductor layers
below. Other llthography techniques, such as super lens
hthography, can also be applied to generate these peri-
odic hole arrays over large areas with a high throughput.
The dark current density-voltage curve of the device
was characterized at 78 K and shown in Fig. 4. The dark
current under a positive bias is smaller than that under a
negative bias, which may be attributed to the asymmetrical
Iny 53Gag 47As/InP heterointerface.'” The spectral response of
the device was measured at 78 K using a Fourier transform
infrared spectrometer (Thermo-Scientific Nicolet 6700)
equipped with a cryostat and a calibrated HgCdTe (MCT)
photodetector with peak detection wavelength of ~8.8 um.
The IR light source is normally incident on the front side of
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FIG. 4. The measured dark current density-voltage curve of the device at
78 K.
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FIG. 5. (Color online) The measured responsivity (left) and detectivity
(right) spectrum of the device at a normal-incident infrared radiation at the
bias of 0.7 V at 78 K (the black curve) and the simulated averaged E,
intensity spectrum (the red curve) in the quantum well active region.

the device patterned with Au holes arrays. Figure 5 illustrates
the responsivity spectrum of the sample at 78 K and biased
at 0.7 V. The peak responsivity of the sample occurs at
~8.06 wm and reaches a value as high as ~7 A/W. Using
the measured dark currents and responsivity, the detectivity
of the device was also calculated’ (see the right axis of Fig.
5) and the peak value is ~7.4% 10! ¢m Hz!2/W. This de-
tectivity is a few times higher than other InP/Ing 53Gag 47As
QWIP devices'®!” working at a similar wavelength and tem-
perature, because of the strong enhancement of E,. The
FWHM value of the spectrum is ~0.84 wm, which is almost
half of the standard In,53Gay47As/InP bound-to-continuum
QWIP device.'> We think the reason for such a narrow reso-
nance is the strong modulation of the QWIP device by the
surface plasmon resonance of the Au holes arrays. We com-
pared the response spectrum (the black curve) with the simu-
lated averaged E, intensity spectrum (the red curve), and the
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two spectra are almost identical as shown in Fig. 5. The
narrow responsivity linewidth of the photodetector is benefi-
cial to the applications that require high spectral resolution,
while it may not be favorable for the broadband detection.

In conclusion, we demonstrated strongly coupled surface
plasmon resonance modes with intersubband electron transi-
tions in a QWIP device. The coupled QWIP works at normal
light incidence, with an enhanced responsivity due to the
plasmonic hole array. We believe this method provides an
attractive way for fabrication of high performance infrared
imagers.
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