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We have demonstrated the operation of a frontside-illuminated GaAs/AlGaAs quantum well
photodetector based on intersubband absorption in a quantum well (QW) with a targeted peak
frequency of 3 THz. A multiple quantum well structure consists of 20 periods of 18 nm QWs
interleaved by 80 nm barriers with an Al alloy content of 2 %. We measured the following perfor-
mance characteristics: dark current, responsivity, and spectral response. A responsivity of
13 mA/W at an electric bias of 40 mV and an operating temperature of 3 K was obtained with a
peak response close to the designed detection frequency. The dark current density was a few
pA/cm? and was limited by thermally assisted tunneling through the barriers. We looked also at

possible designs to optimize the device’s performance.
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There have been continuing efforts in
recent years to develop practical sources and
detectors of terahertz (THz) radiation(11-[9].
Future applications of terahertz imaging, spec-
troscopy and communications will use direct
and heterodyne detection techniques that
require suitable THz sources and fast, sensi-
tive multi-element detectors. There have tradi-
tionally been very limited choices of detectors
in the terahertz region of the spectrum. Signif-
icant improvements have been achieved in the
performance of mixers for heterodyne
receivers below 1 —2 THz, such as supercon-
ductor-insulator-superconductor (SIS) tunnel
junctions and superconducting hot electron
bolometers (HEBs)(71(8]. A number of photon
detectors on the higher frequency side that are
based on extrinsic semiconductors are a viable
option for some applications. Extrinsic Ge: Ga
photodetectors, for example, offer sensitivities
in orders of magnitude better in direct mode

than superconducting bolometers operating at
the same temperatures[9].

Despite the progress, the large-format array
detectors required for practical imaging appli-
cations are still unavailable. It seems likely that
evolutionary improvements and scaling of pre-
sent technologies may not meet these require-
ments or could be prohibitively expensive,
which would make alternative device concepts
and materials worth considering.

Compound semiconductors, such as
GaAs/AlGaAs, provide reliable and well-
established material systems that can be used
for making quantum-well photodetectors in a
targeted spectral range. The devices are based
on intersubband absorption in quantum wells
(QWs) and a suitable band structure is
achieved with an appropriate width for the
QW layer and a suitable composition for the
alloy in the barrier layers. These were primari-
ly used for near- and middle-infrared devices
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until recently. Their processing technology is
fully mature and large-format infrared arrays
with up to 1024 x 1024 pixels have been
demonstrated[10]. The optimal design for a
QW photodetector with a minimal level of
dark current corresponds to a situation where
the first excited state in the quantum well is
aligned with the top of the barrier (bound to a
quasi-bound configuration). If we apply a sim-
ilar methodology to the range between
1 — 8 THz, the parameters of the QW structure
will correspond to low aluminum fractions of
a few percent (1 —5 %) and QW widths of
10 - 30 nmI5].

A band diagram of a QW structure with an
intersubband resonance frequency of 3 THz
(wavelength: ~100 xm) is shown in Fig. 1.
The structure contains 18 -nm GaAs QW and
80 -nm AlGaAs barriers with an Al alloy frac-
tion of 2 %. To activate intersubband absorp-
tion, the centre of the well is doped with Si,
which populates the QW’s ground subband E.
The barriers are undoped. Detector samples
have 20-repetions of such QW sandwiched
between 0.4 um top and 0.8 um bottom con-
tact layers (Fig. 2).

We intend to select a doping concentration
that ensures almost fully occupied Ei. In the
case of only one occupied subband and low
operating temperatures such that AT<<E»— E\,
we can write a simple formulae linking the
Fermi level, Er, and the two-dimensional den-
sity of electron gas in the well, nw, as nw= (m'/

11.1 meV

n h?)(Er— E1), where m’ is the electron effec-
tive mass. The upper limit for the doping con-
centration, nw, corresponds to a situation
where EFr is situated just below the subband E»
so that nw= (m"/n h?)(E2— E1) = (m"/n h?) AE21.
In our detector, the gap between the subbands
is AE2i=11.1 meV, which corresponds to
nw= (m"/m h?) AE21= 3.1 % 10" cm=2. The dop-
ing levels resulting in two-dimensional density
higher than n» would cause E2 to be partially
filled and create the possibility of an increased
dark current and broadening of the spectral
response of the photodetector without any
improvements in photoabsorption characteris-
tics at the targeted peak frequency. The actual
value of nw selected for our samples was
about one third of nw, which corresponds to a
bulk density of 5.6x 10" cm™.

Optimal doping of contact layers, ne,
should ensure stable low-resistivity ohmic
contacts and at the same time sufficient trans-
parency for frontside illumination of the detec-
tor. Because of the intended low operating
temperature of the device (below 10 K) a rela-
tively high doping level of nc=2 %X 10"%cm™?
has been selected. Transmittance measure-
ments with terahertz time-domain spectroscopy
(THz TDS) of 1 —4 THz revealed that only a
few percent of incoming radiation goes
through the contact layer (Fig. 3). Transmit-
tance improves to more than 60 % if the dop-
ing in the layer is decreased to 1% 10'cm™3;
however, we have not yet tested the low-tem-
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Fig_ I Band diagram of the QW structure with an intersubband resonance frequency of 3 THz
(wavelength ~1001Lm). The structure consists of 18-nm GaAs QW and AIGaAs barriers with

an Al alloy fraction of 2 %.

30 Journal of the National Institute of Information and Communications Technology Vol.55 No.1 2008



n*-Gahs (i doped, 2x10" am’?) top contact layer 400 nm
Aly2Gaggghs 80 nm
GaAs (4-14 nm, Si doped, 1x10" cm®) 18nm
Aln2Gag gshs 80 nm
Gahs (4-14 nm, Si doped, 1x10" ¢m™) 180m

L[]

L[]

L[]
GaAs (4-14 nm, Si doped, 1x10" cm?) 18 nm
Al :Gag sghS 80nm
Gahs (4-14 nm, Si doped, 1x10” cm™) 18nm
Al 2Gag gehS 80 nm
n*-Gads ( Si doped, 2x10% am™) bottom contact layer 800 nm

Semi-insulating GaAs substrate

{[e}74| Schematic layout of MBE grown THz
?uom‘um well photodetector struc-
ure

—_
o
o

- Wafer (S| GaAs)

Si =2.0x1 0"7cm?

-
o

Transmittance (arb. units)

—

|| T
%24

O

H

N

>

A

(e}

>

(o]

3|

w
11l )

15 2 25 3 35 4
Frequency (THz)

[l F<H Effect of Si doping concentration on
THz transmittance through the QW
structure measured with time-
domain spectroscopy (THz TDS). The
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transmit only a few percent of
incoming radiation. Transmittance
improves to up to 30 % if the concen-
fration is decreased to 2 X107cm™2

perature properties of contacts with a doping
concentration lower than 1 X 10'8cm™3.
Another critical aspect of the detector’s
design is the selection of the barrier thickness
that directly affects various tunneling mecha-
nisms of dark current. The combined effects
of different barrier widths and in-well doping
concentrations on the expected dark current
were numerically simulated, and a barrier
width of 80 nm was selected as optimal for an

expected tunneling current density below
107°A/cm?.

Samples were grown by Molecular Beam
Epitaxy (MBE) on semi-insulating GaAs sub-
strates. X-ray diffraction, Scanning Electron
Microscopy/Energy Dispersive Spectrometer
(SEM/EDS), and Photoluminescence (PL)
measurements were used to determine the
composition, period, and energy-level struc-
ture of the samples. Despite the low Al con-
tent (2 %), we obtained consistent results with
MBE growth and observed only minor devia-
tions from the designed parameters.

The samples were processed into single-
element square-shaped mesas of different
sizes using standard processing techniques. To
satisfy selection rules for intersubband absorp-
tion so that normally incident THz radiation
can be absorbed by the structure, a one-dimen-
sional metal grating coupler was patterned on
the top surface of the mesas, which also
served as the top electrode of the photodetec-
tor. Following conventional design considera-
tions for the specific cutoff wavelength A,
samples with 100- ym ( Ac), 50- um ( Ac/2)
and 25- um ( Ac/4) period gratings were fabri-
cated(11]. The experimental results presented
in this report were taken on a 1% 1 mm? pho-
todetector with a 50- um-period grating.

Detector samples were mounted in a
mechanical cryocooler, which had the facility
to stabilize the temperature in the range
T =3 -300K. Dark current measurements
were taken when the detector was completely
surrounded by a cold shield, which was kept at
the temperature 7' = 40K. In the case of photo-
electric measurements, the samples were
exposed to external photon flux through a fil-
ter module that was attached to the cold shield
(and kept at the same temperature) and a room
temperature Teflon window on the outer
shield of the cryocooler with a resulting field
of view of 60°. A filter module containing a
set of filters served to block visible, near- and
mid-infrared light and provide a well-defined
band-pass within the targeted THz spectral
range. The spectral response of the photode-
tector was measured using a Fourier Trans-
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form Spectrometer (FTS).

Temperature dependence of the dark cur-
rent versus applied electric field is shown in
Fig. 4. The detector observed stable operation
in the bias voltages between + 60 mV and
operating temperatures down to 3 K. Variation
of the bias between negative and positive volt-
ages did not produce hysteresis of the current-
voltage characteristics, indicating a good con-
tact property even at cryogenic temperatures.
As expected, only two dark current mecha-
nisms are present in the data. Thermionic
emission related current with its exponential
dependence on temperature dominates down
to T = 6K. At lower temperatures, the thermal-
ly assisted tunneling becomes the main mech-
anism of current flow. A more detailed view
of a gradual transition from classical
thermionic to quantum-mechanical tunneling
is shown in Fig. 5. The curve flattens out at
around 1 uA/cm?, with weak dependence on
temperature. This indicates that other possible
current mechanisms, such as resonance inter-
well and impurity assisted tunneling, are sup-
pressed by 80 nm barriers to negligible levels.
By fitting the standard model (e.g.[12]-[14]) of
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The device observed stable operation between
+ 60 mV with virtually symmetrical character-
istics

the thermionic component of the dark current
Jp ~ Texp (AEJET) to experimental data, acti-
vation energy AE.=E>— Er=10.5 meV was
obtained, which gives the value of
Er~ 1 meV. Estimation of from the in-well
doping concentration given by Er= r fi’nw/
m = 3.6 meV indicates that an effective dop-
ing seems to be lower than a design value nw=
1% 10" cm™2

The responsivity of the detector was mea-
sured using a calibrated blackbody source.
Responsivity of 13 mA/W at an electric bias
of 40 mV and an operating temperature of 3 K
was obtained by comparing current-voltage
characteristics under different photon flux
conditions. A low responsivity value is a
result of a significant loss of incoming radia-
tion in the highly doped top contact layer and
relatively inefficient coupling of a simple one-
dimensional grating coupler used in the
devices. As indicated earlier, by decreasing
the doping concentration in the contact layer
its transmission can be improved up to 60 %,
which would directly enhance the responsivi-
ty. Further tests of such contacts are necessary
to ensure good electrical properties at cryo-
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A solid line represents a fit by the standard
model of the thermionic component Jp~
Tew(AEJ/kT) with AE«=10.5 meV. Below 6K
the current flattens out at around 1 zA/cm? and
is limited by thermally assisted tunneling
through the barriers.
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Observed response is close to the designed
detection frequency. The model assumed a set
of identical wells, a constant 2 % Al content in
the barriers and a uniform electric field. Effect
of bound-to-continuum transitions causing
broadening of the spectrum were not consid-
ered in the calculations.

genic temperatures.

The spectral photoresponse of the detector
is shown in Fig. 6. To improve a signal to
noise ratio of the measurements, a battery
powered feedback preamplifier with a built-in
bias source was used. The positive bias of
40 mV is applied to the bottom contact while
the top electrode is kept at virtual ground by
the preamplifier’s feedback. The measured
peak frequency is in good agreement with the
designed value; however, there is a discrepan-
cy between the expected spectrum and the
experiment, which can be explained by the
limiting set of assumptions used in the model.
For example, only a few eigen states from the
continuum were included in the calculations,
so the effect of bound-to-continuum transi-
tions causing broadening of the spectrum
could not be properly estimated. The model
also assumed a set of identical wells, a con-
stant 2 % Al content in the barriers and a uni-
form electric field. Because the resultant spec-
tral response of the photodetector is an aggre-

gate contribution of individual wells, any vari-
ations of the growth parameters and operating
conditions in some of the wells may have an
effect on the shape of the spectra. Asymmetry
of the spectra with a more pronounced low
frequency side is not yet understood. Among
plausible mechanisms we can mention an
effect of impurity-related absorption and non-
uniform spectral characteristics of the diffrac-
tive coupler. Absorption in a doped QW can
have a complex dependence on temperature,
doping concentrations, and distribution of
impurities within the well. Effects are related
to a formation of a resonance impurity bands
adjacent to QW subbands (e.g. 2p- just below
E2) and an increase of a binding energy of the
impurity (up to 2-3 times) compared to its
three-dimensional bulk valuer151-[171. At low
temperatures and moderate doping levels,
which are similar to our experimental condi-
tions, the carrier freeze-out in a lowest impuri-
ty band can provide an alternative route for
photon absorption in addition to the intersub-
band transitions[18](19].

Another effect, which can potentially alter
the measured spectral response of the detector,
involves the properties of the diffractive cou-
pler. Dependence of the coupling efficiency on
frequency can cause non-uniform coupling,
which would mask the actual spectral charac-
teristics of the detector. In future numerical
simulations and experiments, we will try to
clarify the underlying mechanisms explaining
the result of experiments.

In conclusion, we have successfully
demonstrated the operation of a THz frontside-
illuminated GaAs/AlGaAs quantum well pho-
todetector based on intersubband absorption in
quantum wells (QWs) with a targeted peak
frequency of 3 THz. Design considerations
and results of the experiments indicate that
significant improvement in performance can
be attained by optimizing the in-well and con-
tact doping concentrations and improving the
design of the grating coupler.
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