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Terahertz (THz) response observed in a p-type InAs/Ing 15Gag gsAs/GaAs quantum dots-in-a-well
(DWELL) photodetector is reported. This detector displays expected mid-infrared response (from
~3 to ~10 um) at temperatures below ~100K, while strong THz responses up to ~4.28 THz is
observed at higher temperatures (~100-130K). Responsivity and specific detectivity at 9.2 THz
(32.6 um) under applied bias of —0.4 V at 130K are ~0.3mA/W and ~1.4 x 10° Jones, respec-
tively. Our results demonstrate the potential use of p-type DWELL in developing high operating
temperature THz devices. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898088]

The advances of research and technology in the quantum
dot infrared photodetector (QDIP) have attracted much atten-
tion for the mid-wave and long-wave infrared applications.'
A variety of studies have reported that QDIPs are capable of
operating at elevated temperatures,”™ which, however, typi-
cally leads to device operation responding in the mid-wave
infrared regime. The development of Terahertz (THz)
sources’ and progress required terahertz detectors. One of
the difficulties lies in the absorption of THz radiation corre-
sponding to very small energy, which is typically about
4.1-41meV (1-10 THz), below the range of thermal energy
for temperatures ~300K (25.8 meV). The dark current at the
temperature, as high as 77 K is dominant over the photocur-
rent in the lower energy range of THz detection. As a conse-
quence, THz devices are very sensitive to temperature
variation and are usually unable to operate at high tempera-
tures. For instance, most of the terahertz detectors in the
range of ~3-10 THz operate at low temperatures (4.6 K to
80K).°® In this letter, we report a p-type THz dot-in-well
(DWELL) detector with a response up to ~4.28 THz
(~70 um) operating at 130 K.

Most detectors with DWELL structures are based on the
intersubband transitions from ground state of the QD to an
excited state close to the barrier or GaAs band edge.” The
bound to continuum transitions have an escape probability of
~100% for photoexcited carriers and leads to a high photo-
current at lower bias. On the other hand, due to better wave
function overlap between the two states, the bound to bound
transitions have better absorption coefficients, but lower
escape probability at lower biases. For any THz detector, the
transition energy between the two states should fall in
the THz energy range of 4.1-41 meV (1-10 THz). To match
the excited state with the continuum and having the energy
spacing between the states in the terahertz region, the width
and height of the well, and the size and shape of the QD
have to be adjusted. The ground and excited state energies
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can be tuned by changing width and height of the well.
However, in practice, size of QD is very limited due to the
inability to make the dot size as desired in Stranski-
Krastanov (SK) growth mode.'® An alternative approach for
small energy spacing in terahertz QD based detector is p-
type-doped structure, which has higher density of states as
compared to its n-type counterpart. Moreover, at a given
temperature, the higher effective mass of holes in the
valence-band will result in lower holes transport as com-
pared to the electrons in conduction band and, consequently,
a reduction in dark current.'"'?

Most of the THz investigations thus far have been with
n-type QDIP and used resonant tunneling'? or dark current
blocking layers.'® Using dark current blocking layers, an n-
type Tunneling quantum dot photodetector (T-QDIP) operat-
ing at 150K with spectral response up to ~55 um (Ref. 13)
and a Quantum ring detector operating at 120 K with spectral
responses up to ~30 um have been reported.® So far, little or
no attention has been paid to p-type DWELL structures
responding in the THz region. Therefore, the motivation of
this work is to achieve THz p-type DWELL detection up to
~4.28 THz (~70 um) at operating temperature of 130K or
higher.

In this study, we report a THz DWELL detectors based
on p-type intersubband transition, where the InAs dots are
placed in Ing15GaggsAs, which in turn is positioned in a
GaAs matrix as shown in Fig. 1(a). The measured responsiv-
ity shows that as the temperature changes from ~100K to
130K, the longer wavelength (>14 um) responses increase,
while mid-infrared (MIR) responses decrease. Comparison
of the calculated hole energy levels in QD as shown in
Fig. 1(b) with the measured spectral response shows that the
MIR response peak at ~5.4 um corresponds to transition of
holes from the ground state to the continuum. The THz
response at high temperature is attributed to the transitions
from the excited state to quasi-bound state or continuum.
The probability of occupying exciting states increases with
increasing temperature. The excited states have a higher
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FIG. 1. (a) Schematic diagram for p-type DWELL structure of InAs QDs
embedded in Ing ;5Gag gsAs QW. (b) QD valence band structure calculated
with an eight-band k-p model'” and the QW states are computed using effec-
tive mass method.'® The spin orbital split-off energy (SO) levels are inten-
tionally omitted for the reason that transitions to SO levels fall in short
wavelength region, which are not our primary focus. The dashed lines are
the two HH and LH states for Ing ;5Gag gsAs QW. Transitions can be either
from bound to bound or from bound to quasi-bound (or continuum) energy
level. The MIR absorption in Fig. 1(b) is due to transition from ground state
to continuum state, while the THz transitions are possibly from bound to
quasi-bound or continuum states.

degeneracy than the ground state. Hence, despite the low
occupation probability, the total number of carriers in
excited states is comparable to that of the ground states at
higher temperatures.14 Furthermore, for the same incident
power, there are more photons at 32.6 um than at 5.4 um.
Therefore, as the temperature increases from ~100K to
130K, due to broadening of Fermi-Dirac distribution,
carriers will have appreciable concentrations at higher
energy levels and result in the THz response.

The detector structure shown in Fig. 1(a) is grown by
molecular beam epitaxy (MBE), consists of 10 stacks of
DWELL structures sandwiched between two highly doped
p-GaAs contact layers, grown on a semi-insulating GaAs
substrate. The active region contains InAs QDs placed in
6 nm thick Ing 15Gag gsAs quantum well (QW), which in turn
is surrounded by GaAs barrier layers. The dot density is
about 5 x 10'"%cm™2. A é-doping technique is used, with a
sheet density of 5 x 10'"cm ™2 p-type dopants placed above
the QWs (with a 13 nm thick GaAs spacer), which introduces
about 10 free holes in each QD. The QDs have nearly
pyramidal shape with the average base widths of ~20-25 nm
and height of ~5nm.” The devices were fabricated into
square mesas of 400 x 400 um” with an optical window of
260 x 260 um? which allows front-side illumination. In
order to characterize the device, the square mesas and the
ohmic contacts on the top and bottom layers were fabricated
using standard wet chemical etching. Then, the device was
mounted on the cold head of the liquid nitrogen-cooled
dewar and liquid helium-cooled cryostat to allow measure-
ments of spectral response, noise, and dark current. The
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normal incidence spectral response was measured using a
Perkin-Elmer system 2000 Fourier transform infrared spec-
trometer. A bolometer with known sensitivity was used for
background measurements and measured data were corrected
by the background spectra.

An eight-band k-p model was used to calculate QD hole
states with the effects of strain included with the valence
force field model,'® whereas the QW levels were calculated
using the effective-mass method.'® As shown in Figure 1(b),
the QW was designed to have two heavy holes (HH) with
almost continuous set of QD HH and light hole (LH) levels.
Therefore, DWELL detectors represent a hybrid of quantum
well infrared photodetector (QWIP) and QDIP.]7 Hole tran-
sitions can be either from bound to bound or from bound to
quasi-bound (or to the continuum).

The spectral responses were measured over temperature
range from 78 K to 130K. The 5.4 um (0.230eV) peak corre-
sponds to hole transition from the ground state of QD to
states near the GaAs barrier.'® At 78 K, holes lie in the
ground states which lead to the main response peak in the
MIR range. The elevated temperature results in the broaden-
ing of Fermi distribution function and more carriers occupy-
ing the upper energy states where the energy spacing is in
the order of THz energy range. Hence, the corresponding
bound-to-continuum or quasi bound transition results in THz
response and increases with temperature. Figure 2(a) shows
clearly the comparison of MIR and THz responses at three
different bias values. The THz response spectra start to
appear for temperatures higher than ~100K, which is fea-
tured with a broad spectral range over ~70 um. Although
detection of terahertz radiation up to 1THz could be
expected due to closely spaced upper energy states, the back-
ground noise level due to high dark current dominates the
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FIG. 2. (a) Responsivity versus wavelength measured at T = 120K for three
different bias values. (b) Response versus wavelength measured at T =78 K.
This response is due to the transitions from ground state of QD to states near
the GaAs band edge. Unlike the response spectra of (a), (b) has only one
peak in MIR region. There are no low energy transitions or THz response at
78 K. (c) Comparison of raw data of THz response and background noise
level. The THz response spectra are broad and extend beyond ~70 um. The
lower energy response (lower than 17.7meV or ~70 um) is below back
ground noise level.
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photocurrent at wavelength higher than 70 um as shown in
Figure 2(c).

Variation of MIR and THz response spectra with tem-
perature at a fixed applied bias of —0.4V (or field of
~1.89kV/cm) is shown in Figure 3. The THz response
increases with increasing temperature, which contrasts with
decreasing MIR peak at higher temperatures. For a tempera-
ture increase from 80K to ~90K, the response increases
reaching the highest response at ~90 K. In QD holes are con-
fined due to energy quantization in all three dimensions and
electron-hole scattering is greatly reduced.'® Since the inter-
subband energy between ground state and continuum is
larger than phonon energy, the optical phonon emission is
not allowed. As a result, the hole relaxation time from the
continuum states increases due to phonon bottle neck.'” This
increase in response with the temperature may be related to
reduced relaxation of carriers back to QD from the contin-
uum states” and to enhanced escape of excited carriers. As
the temperature is further increased, due to decrease in car-
rier concentration of ground state and increase carrier popu-
lation in excited states, MIR response starts to decrease and
THz response starts to appear. In the temperature ranges
(~100 to 130K) where we see the THz response, MIR
response decreases with increasing temperature.

Furthermore, it is experimentally confirmed that the THz
region (or the broad response peak) starts to appear only for
temperatures beyond ~100K and increases as the tempera-
ture rises from 100K to 130 K. The calculated energy spacing
between the dot levels varies from ~5meV to 28 meV. There
is no peak shift with either bias voltage or temperature. The
dark current increases from 2.4 x 107> A/em? to 0.12 A/cm2,
which is about 50 times increase for temperature changes
from 100 to 130K. At 130K and —0.6V bias, the thermal
noise calculated from equation I, = \/4KT /R, where K is
Boltzmann constant, T is temperature, and R is differential re-
sistance of device is 1.18 x 10~ '?A/v/Hz and the correspond-
ing shot noise I = v/2el; is 7.1 x 10~'?* A/y/Hz, which is
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FIG. 3. The variation of MIR and THz response spectra with temperature at
a fixed applied bias of —0.4V. As the temperature increases, carriers are
excited to higher levels reducing the rate of transitions that give rise to MIR
response, whereas it enhances lower energy transitions or THz responses.
The inset shows comparison of MIR and THz responses variation with
temperature.
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close to the measured noise current of 7.5 x 10712A/\/ﬁ£
indicating the dominant role of dark current noise at a temper-
ature of 130 K. From 78K to 130K, the peak responsivity of
the 5.4 yum absorption peak decreases by ~65%, while the
responsivity of much longer wavelengths around the
~32.6 um absorption peak increases by a factor of ~100 as
the temperature changes from 100K to 130 K. Hence, it can
be said that the THz response possibly originates from ther-
mal excitation of carriers in QD states and is strongly temper-
ature dependent. The longer wavelength (~32.6 um) response
was measured at the highest temperature of 130K with peak
responsivity of ~0.54 mA/W (at an applied bias of —0.6 V),
which is a very high operating temperature as compared to
THz QW and QD detectors.”" Moreover, using a high-speed
mid-IR photoconductivity technique, long carrier lifetimes
3-600ns in an InAs/ Ing ;5sGag gsAs DWELL heterostructures
have been observed suggesting their potential for high tem-
perature operation®' and have promise for fabrication of long
wave-length infrared (LWIR) imaging focal plane arrays
(FPA).?> DWELL structure can also reduce the thermionic
emission by lowering the ground state of the dot with respect
to the GaAs band edge, and enables the detector to operate on
transitions from the ground state of InAs QD to a state in the
InGaAs QW.? Hence, by optimizing the doping level and
well width of DWELL for longer carrier life time or higher
escape probability, detector responses and detectivity can be
improved and extend the THz detection with operating
temperature up to 130K or higher.

Figure 4(a) shows the dark current density versus volt-
age characteristics for temperature in the range of 80—-130K.
As the temperature increases from 70K to 150K, the dark
current density increased sharply from 7.8 x 1077 A/cm? to
0.26 A/em” at —0.2 'V and from 6.34 x 107°t0 0.62 A/em” at
—0.6'V, which are still lower than the dark current values of
other IR device operating at lower or the same temperature
in a comparable wavelength region.®'?** At lower tempera-
tures, the increase in dark current density with applied bias
was due mainly to the lowering of the potential barriers. In
the Arrhenius plot shown in Figure 4(b), the dark current to
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FIG. 4. (a) Variation of dark current density as a function of bias at different
temperatures. (b) The Arrhenius plot of dark current to temperature ratio
versus inverse temperature (100/T) for bias voltages of —0.2'V, —0.4V, and
—0.6 V. (c) Temperature variations of specific detectivity at 5.4 um and
32.6 pm.
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temperature (I4/T) ratio versus inverse temperature (100/T)
plot was found to be linear for the temperature range from
~60K to ~130K. At the bias voltage range from —0.2V to
—0.6 V, nearly the same activation energy as determined from
the Arrhenius plot is ~108 meV. The exponential behavior
observed in dark current indicates that carrier thermal excita-
tion to higher energy states is possible and confirms the domi-
nant role of thermionic emission in THz response.

The specific detectivity (D*) is calculated from the
measured peak responsivity R, and the noise density spectra
i, at different temperature and bias voltage using the relation
D* = R, \/AxAf/i,, where A is the detector area and Af is
the frequency band width. The dark current noise density i,
was measured with low-noise voltage preamplifiers and a
SRS 760 fast Fourier transform spectrum analyzer. The value
of D* calculated for 5.4 um absorption peak is 1.3 X 10°
Jones at 78 K (—0.8 V bias) and 2.7 x 10° Jones at 130K
(—0.4V bias). As shown in Figure 4(c), at 9.2 THz absorp-
tion peak, 130K, and —0.4V, the D* value is 1.4 X 10°
Jones. Significant improvement can be achieved by using a
double barrier resonant tunneling heterostructure, which sup-
presses most of the dark current without blocking the photo-
current."> The low dark current enhances detectivity and
operates at high temperatures. Optimization of the number
and density of QDs will also enhance the absorption. The
other concern regarding p-type carriers is lower mobility as
compared to electrons. Since the dot layer is thinner, the
hole mobility mainly depends on the GaAs barrier.
Optimizing thickness of the GaAs barrier between the dot
layers can prevent multiple defects throughout the structure
and enhances the photocurrent.

In conclusion, in addition to p-type MIR (4, ~ 5.4 um)
detector at 78 K, we report a p-type THz (broad response with
a peak response at ~9.2 THz) detector based on intersubband
transitions in InAs/InGaAs DWELL structures. MIR peaks
are associated with transitions from ground state of QD to
continuum states, whereas the THz responses are originated
due to higher temperatures (~100K—-130K) and possibly to
transitions between excited QD levels, bound-to-quasi-bound
or continuum states. Therefore, detector response was
extended to THz range up to ~4.28 THz (~70 um) at a high-
est operating temperature of 130 K. Further optimization, such
as doping level, width of the well, barrier thickness, using
double barrier tunneling heterostructure or a thin dark current
blocking layer reduces dark current, could enhance and extend
the response of terahertz detection at temperature higher than
130K, and improves detectivity.
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