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Far-infrared intersubband photodetectors based on double-step llI-nitride

quantum wells

Faisal F. Sudradjat, Wei Zhang, Jeffrey Woodward, Habibe Durmaz,

Theodore D. Moustakas, and Roberto Paiella®

Department of Electrical and Computer Engineering and Photonics Center, Boston University,

8 Saint Mary’s Street, Boston, Massachusetts 02215, USA

(Received 3 May 2012; accepted 29 May 2012; published online 14 June 2012)

Far-infrared photoconductive detectors based on intersubband transitions in III-nitride semiconductor
quantum wells are demonstrated. The device active material is based on a double-step quantum-well
design, where two different (Al)GaN compositions are used both in the wells and in the barriers.
With this approach, one can create a virtually flat multiple-quantum-well potential energy profile,
where the deleterious effects of the intrinsic spontaneous and piezoelectric fields of nitride
heterostructures are almost completely eliminated. Photocurrent spectra centered at a wavelength
of 23 um (13 THz frequency) are resolved up to 50K, with responsivity of approximately 7 mA/W.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729470]

In recent years, numerous applications of terahertz (THz)
[and more generally far-infrared (FIR)] radiation have
emerged, including biomedical sensing, explosive and drug
detection, security screening, industrial process control, and
spectroscopic imaging for astronomy and space physics. Inter-
subband (ISB) transitions in semiconductor quantum wells
(QWs) provide a leading optoelectronic device platform in
this context and already form the basis of promising quantum
cascade (QC) lasers' and QW photodetectorsz’5 at FIR wave-
lengths. While existing devices are mostly based on GaAs/
AlGaAs QWs, Ill-nitride semiconductors have also been
recently identified as potential candidates for use in this spec-
tral range mainly due to their large LO-phonon frequencies
(e.g., over 22 THz in GaN versus about 9 THz in GaAs). As a
result, Il-nitride ISB devices can operate at THz frequencies
that are fundamentally inaccessible to their As-based counter-
parts due to reststrahlen absorption. Furthermore, such large
LO-phonon frequencies are attractive as they can in principle
enable the development of THz ISB devices operating at
room temperature,” unlike all existing solutions.

Thus far, the investigation of ISB transitions in III-
nitride semiconductors has mostly focused on the near-
infrared and fiber-optic-communication spectral regions,
motivated by the very large conduction-band offsets of GaN/
Al(Ga)N QWs that allow for record short transition wave-
lengths. Several IIl-nitride ISB optoelectronic devices,
including all-optical switches,”® electro-optic modulators,’
optically pumped light emitters,'>'" and photodetectors,'*"?
have been demonstrated at near-infrared wavelengths. In
addition, the observation of sequential tunneling transport in
GaN/AlGaN coupled QWs has recently been reported,'*
which is promising for the development of complex QC
structures based on this materials system. On the other hand,
experimental studies of FIR ISB transitions in III-nitride
QWs have so far been scarce.'” In this Letter, we report the
demonstration of an AlGaN ISB photodetector with respon-
sivity peaked at a photon energy of about 54 meV (i.e., 13
THz frequency, or 23 um wavelength).
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In typical quantum well infrared photodetectors
(QWIPs) based on ISB transitions,'® the incident light is
absorbed via the excitation of electrons from the ground-
state to the first-excited subbands of several identical
n-doped QWs grown on top of one another. A photocurrent
is then created under an externally applied voltage bias,
through the subsequent escape of the photoexcited electrons
from the QWs into the continuum of unbound states over the
barriers. The key design requirements are therefore a large
oscillator strength of the absorbing transitions (which favors
the use of well confined upper subbands) and efficient photo-
electron escape out of the QWs (which favors the use of
absorbing transitions directly into the continuum). In prac-
tice, the optimal tradeoff between these two conflicting
requirements is often obtained with QWs where the first-
excited subbands are nearly resonant with the conduction-
band edge in the barriers,'® leading to what are commonly
referred to as bound-to-quasi-bound absorbing transitions.

While III-nitride near-infrared QWIPs have already been
demonstrated,'* the development of similar devices operating
at FIR wavelengths is particularly complicated by the large in-
ternal electric fields that exist in these heterostructures due to
their spontaneous and piezoelectric polarizations. To illustrate,
in Fig. 1(a), we plot the conduction-band lineup and squared
envelope functions of a GaN/AIGaN multiple-QW structure
under bias, designed to provide ISB absorption between the
lowest two subbands at a representative FIR photon energy of
about 50meV. These calculations were performed using a
Schrédinger-equation solver that takes into account both pyro-
and piezoelectric polarization fields assuming periodic bound-
ary conditions, with all the relevant material parameters taken
from Ref. 17. To obtain such a relatively small ISB transition
energy in Fig. 1(a), a large well width [i.e., 57 monolayers
(MLs), where 1 ML~2.6 1&] is used, which causes both
ground-state and first-excited subbands to fall within the trian-
gular portion of the QW potential energy profile. As a result,
even though barriers with very small Al content (8%) are
used, the first-excited subbands necessarily remain well below
the onset of the barriers continuum, which limits the escape
efficiency. Furthermore, the envelope-function spatial overlap

© 2012 American Institute of Physics
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FIG. 1. Conduction-band lineups of three different AIGaN FIR QWIP structures under bias, where each repeat unit consists of: (a) a single AljosGag9oN bar-
rier and a single GaN well; (b) a single Alg 0sGag.0oN barrier and a GaN/Aly 04Gag 96N step well; (c) a step Alg 16Gag gaN/Alg 0sGagooN barrier and a step GaN/
Al 0sGag 9N well. The squared envelope functions of the ground-state and first-excited subbands of each well are also shown, referenced to their respective
energy levels. The vertical and horizontal arrows indicate, respectively, photon absorption and photoelectron escape into the continuum of unbound states over

the barriers.

(and therefore the oscillator strength) between the bottom two
subbands is somewhat degraded. A nearly flat potential energy
profile can be established in the wells using the step-well
design recently developed by Machhadani et al. to demon-
strate THz ISB absorption in III-nitride QWs."” An exemplary
QWIP based on this idea is shown in Fig. 1(b), where each
well consists of two layers of different compositions (GaN
and Aly04GagosN) and the bottom two subbands are again
separated in energy by about 50meV. With this approach,
however, a large internal electric field still exists in the QW
barriers, which again precludes the design of bound-to-quasi-
bound QWIP structures.

In the present work, we propose the use of two different
(Al)GaN compositions both in the wells and in the barriers
in order to overcome the design limitations just described.
By suitably choosing these compositions, one can create a
multiple-QW potential energy profile where the effect of the
internal electric fields is virtually eliminated, except for
small energy “spikes” at the well-barrier interfaces. The first
excited subbands can then be positioned at any desired
energy relative to the top of the barriers, just like in the case
of As-based devices. As an illustration, in Fig. 1(c), we plot
the conduction-band diagram of the specific device devel-
oped in this work, where the fundamental ISB transition
energy is computed to be 49 meV. In this structure, each step
well consists of 5 MLs of GaN and 22 MLs of Al 0gGagooN,
while 5 MLs of A10_16G30.84N and 38 MLs of AI0.0gGa()_gzN
are used in each step barrier. The first-excited subbands are
relatively well confined within their respective QWs, while
at the same time being energetically close to the overlaying
continuum, as required for optimal QWIP performance.

Twenty repetitions of this double-step QW structure (be-
ginning and ending with the 38-ML-thick Alj 0gGag.o,N bar-
rier layer) were grown on a 1x1 cm® substrate of
commercially available free-standing GaN using rf plasma-
assisted molecular beam epitaxy (MBE). Prior to this
growth, the Al concentration versus flux was carefully cali-
brated using a similar substrate. In the grown sample, the
multiple-QW active layer is embedded between a GaN tem-
plate layer and a 200-nm-thick Alj(sGag9oN cap layer, both

of which are n-doped with Si to the level of 1 x 10" cm ™.

With this choice of template and cap compositions, no sig-
nificant voltage drop due to the intrinsic polarization fields is
introduced across the multiple-QW layer, as confirmed by
simulations of the entire conduction-band lineup based on
commercial software (NextNan03). To enable strong ISB
absorption between the ground-state and first-excited sub-
bands, the 5-ML-thick GaN layer in each well is n-doped at
a nominal concentration of 6 x 10"¥cm ™. In comparison,
unintentional doping due to oxygen incorporation is
expected to be significantly smaller under the MBE growth
conditions employed in this work.'® The sample periodicity
was investigated via x-ray diffraction measurements, where
clear superlattice satellite peaks could be resolved from
which the repeat-unit thickness and average composition
could be inferred. The calculated conduction-band diagram
of Fig. 1(c) is based on these extrapolated values, which are
close to their original targets.

After sample growth, 450 x 400 pum” mesa-structure
devices were fabricated using standard photolithography and
inductively coupled plasma etching (to a depth of approxi-
mately 730nm) in a chlorine-based chemistry. Metal con-
tacts consisting of a Ti/Al/Ti/Au multilayer structure were
then deposited on top of and around each mesa. Contact
resistivities on the order of a few 10~* Q-cm? were corre-
spondingly measured after annealing at 850 °C for 50s. The
top contacts were also patterned in the shape of gratings with
9- or 12-um period. In the photocurrent measurements
described below, these gratings are used to couple normally
incident light into the QWs in a way consistent with the
polarization selection rules of ISB transitions. Incidentally, it
should be noted that the GaN growth substrate is opaque at
FIR wavelengths due to its relatively high background n-
doping; as a result, polarization-resolved transmission and
photocurrent measurements with the input light coupled
through an angled facet lapped through the substrate could
not be carried out with these samples. After metallization,
the samples were annealed in a forming gas environment in
order to passivate possible defects on the mesa sidewalls that
could otherwise provide leakage current paths.
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FIG. 2. Temperature-dependent dark I-V characteristics of a double-step
AlGaN FIR QWIP developed in this work.

For electrical and optical characterization, the devices
were finally soldered on a copper block with indium, wire-
bonded to gold-coated ceramic platelletes, and mounted on
the cold finger of a continuous-flow liquid-helium cryostat.
In Fig. 2, we show the dark current-voltage (I-V) characteris-
tics of one of these devices at different heat-sink tempera-
tures measured with forward (i.e., positive from top to
bottom) and reverse voltage pulses. At 100K and above, the
device is found to be highly conductive with nearly linear
I-V characteristics, indicating very efficient thermal escape
of electrons from the QWs. In contrast, as the temperature is
lowered, the electrons in the wells become more tightly dis-
tributed near the bottom of the ground-state subbands, and
tunneling into the adjacent continuum becomes the more im-
portant transport mechanism. Since the tunneling barrier is
effectively lowered by the externally applied voltage, the I-V
curves become strongly non-linear with sharper and sharper
turn-on as the temperature is decreased. Electrical leakage
paths due to structural defects in the active material may fur-
ther contribute to the measured dark current, which may also
explain the observation of similar I-V characteristics under
both forward and reverse bias.

The device photocurrent spectra were measured using a
Bruker IFS 66s Fourier transform infrared spectrometer
(FTIR) with step-scan phase modulation and lock-in detec-
tion. In these measurements, light from the FTIR globar in-
ternal source is transmitted through the interferometer and
then focused onto the device top surface with a paraboloidal
Au-coated mirror. A bias tee is used to supply a DC voltage
to the QWIP and to isolate the modulated photocurrent sig-
nal, which is detected with a combination of transimpedance
and lock-in amplifiers and then fed back into the FTIR for
spectral analysis. In Fig. 3, we plot the total photocurrent sig-
nal of a representative device with 9-um grating period
measured at 20K as a function of applied DC bias. As the
voltage is increased in either forward or reverse direction,
the first-excited state of each QW becomes more and more
strongly coupled to the adjacent barrier continuum, leading
to an increase in photoelectron extraction efficiency and
therefore in photocurrent. At the same time, the oscillator
strength of the absorbing transitions decreases due to the
reduced confinement of the upper states, and as a result, the
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FIG. 3. Photocurrent signal of a double-step AlIGaN FIR QWIP at a heat-
sink temperature of 20K versus applied voltage. Inset: photocurrent of the
same device measured with a fixed bias of —0.6 V at different temperatures.

photocurrent eventually saturates as the bias voltage is fur-
ther increased. This saturation occurs at different values in
the forward and reverse directions due to the slight asymme-
try of the QW conduction-band lineup. As shown in the inset
of Fig. 3, the measured photocurrent signal also decreases
with increasing device temperature, due to increased thermal
escape from the QWs, until it can no longer be resolved
above the noise floor at about 50 K (where the I-V character-
istics also become predominantly linear).

The photocurrent spectrum of the same device at 20K
under an applied bias of 0.8V is shown in Fig. 4 (solid
line). Similar spectra were also obtained with 12-um grating-
period devices, albeit with smaller signal-to-noise ratio. The
spectral response of the FTIR setup used in these measure-
ments extends from about 13 to 82meV (full width at half
maximum), so that the shape of this trace fully reflects the de-
vice responsivity spectrum. The sharp cutoff on the short-
wavelength side of the measured peak is due to the onset of
the reststrahlen band of GaN (ranging from hvro~ 69 meV to
hvpo~92meV, as indicated by the grey band near the hori-
zontal axis), while the dips observed near the peak are caused
by atmospheric absorption. A Gaussian theoretical fit to the

~ »
N N

Photocurrent (a.u.)

0 20 40 60 80 100
Photon Energy (meV)

FIG. 4. Photocurrent spectrum of a double-step AlIGaN FIR QWIP meas-
ured at 20 K under an applied voltage bias of +0.8 V (solid line), and Gaus-
sian fit (dashed line). The grey band near the horizontal axis indicates the
reststrahlen band of GaN. The vertical arrow indicates the calculated transi-
tion energy.
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measured data (with these extraneous features removed) is
shown by the dashed line in Fig. 4, whose peak photon energy
of 54 meV is in good agreement with the calculated ISB tran-
sition energy of 49 meV (indicated by the vertical arrow). The
difference can be mainly ascribed to thickness fluctuations in
the experimental sample, where the narrower wells (absorbing
at shorter wavelengths) can be expected to give a larger con-
tribution to the overall photocurrent spectrum due to their
larger photoelectron extraction efficiency.

Finally, the same photocurrent spectral measurements
were carried out under identical conditions with a cali-
brated Gentec THZ9B-MT pyroelectric detector of known
responsivity. By comparing the results of these measure-
ments with the data obtained with the III-nitride QWIP of
Figs. 3 and 4, we could estimate the responsivity of the lat-
ter device at 20K to be approximately 7 mA/W. In previ-
ously demonstrated GaAs/AlGaAs FIR QWIPs (operating
at longer THz wavelengths), responsivities ranging from
about 10 mA/W to a few hundred mA/W were reported.””
The relatively low value measured in our devices is mainly
attributed to their large spectral linewidth (see Fig. 4),
related to structural imperfections. In any case, the results
presented in this work already indicate that double-step III-
nitride QWs are promising for the development of FIR
detectors that can extend the spectral coverage of As-based
QWIPs, while retaining all the intrinsic advantages of ISB
devices in general (i.e., great design flexibility, compact
dimensions, suitability to monolithic integration, and high-
speed response). The same design strategy can also be
applied to the development of other FIR ISB devices based
on II-nitride semiconductors, including modulators and
QC light emitters.
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