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High-Temperature Photon-Noise-Limited
Performance Terahertz Quantum-Well

Photodetectors
J. Y. Jia, T. M. Wang, Y. H. Zhang, W. Z. Shen, and H. Schneider

Abstract—In this paper, we propose using a terahertz quantum-
well photodetector (THz QWP) in combination with a terahertz
source to realize a detection system with photon-noise limited per-
formance (PLIP) at high temperatures. Systematical investigations
on the high-temperature performances of THz QWPs, including
required signal power density for PLIP, detectivity, and the signal-
to-noise ratio, have been carried out by elaborating their dark cur-
rent mechanism and photocurrent response both experimentally
and theoretically. We also present the optimal doping concentra-
tion of THz QWPs designed for different peak wavelengths and
the resulting optimum performance regarding the above three key
parameters. Numerical results show that optimal designed QWP
with peak response frequency of 5.5 THz is expected to achieve
PLIP at 77 K at signal power density at 819 W/cm and above.
This work gives a precise description of PLIP performance of THz
QWPs and will open ways for new applications for high-tempera-
ture detection in the THz regime.
Index Terms—High temperature, optimal design, photon-noise-

limited, quantum-well photodetectors (QWPs), Terahertz (THz).

I. INTRODUCTION

T HE rapid development of terahertz (THz) quantum cas-
cade lasers (QCLs) as broadly tunable terahertz sources

and their continuous performance improvements [1]–[6] impose
urgent needs for high-performance THz detectors. Recently,
THz quantum-well photodetectors (QWPs) have emerged as
a promising candidate for compact detection systems in the
THz region originating from the characteristics of intersubband
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transition and unipolar transport. Compared with other THz
detectors, for example, Si bolometers, thermal detector Golay
cells, pyroelectric detectors made from LiTaO crystals [7],
nanometric FETs [8], or antenna-coupled field-effect transistors
for THz imaging [9], THz QWPs show their special features
in the detection performance: (i) THz QWPs are narrow band
and enable wide wavelength coverage by adjusting the inter-
subband transition energy. (ii) The intrinsic high speed due to
the inherent short carrier lifetime helps THz QWPs to realize
high-speed and high-frequency detection. (iii) The availability
of a mature material and processing technology based on
GaAs makes it possible to fabricate large-scale uniform and
long-term stable THz QWPs. THz QWPs are designed as a
natural extension of quantum well infrared (IR) photodetectors
[10] and extensive research has been conducted to achieve
better performance [11]–[14] after their first experimental
demonstration [15]–[17]. However, THz QWPs still have a
major limitation to their widespread use: they usually require
cooling to low temperatures to realize background-noise-lim-
ited performance (BLIP) detection due to its lower barrier
height in comparison with mid-IR QWP. The BLIP tempera-
tures for THz QWPs are generally lower than 20 K [15], [17].
It is therefore crucial to develop optimized THz QWPs that can
be operated at higher temperature. However, it seems not easy
to increase the operating temperature of THz QWPs due to the
resulting exponential increase of dark current and as a result,
there is no systematical investigation that has been reported
on high-temperature detection with THz QWPs. Fortunately,
the breakthrough of THz QCL makes it possible to realize
new applications (e.g., gas sensing and heterodyne detection)
which require the combined use of THz QWP and QCL. By
illumination with a QCL as the source or local oscillator in the
THz region, the signal current of QWP could be made larger
than the dark current at high operating temperature to realize
photon-noise-limited performance (PLIP) detection. In this
detection regime, the operation temperature can be increased
above 77 K and even 100 K for high frequency QWPs in the
THz region.
In this paper, we propose THzQWPs operated in PLIP regime

in combination with a source such as THz QCL for high-tem-
perature detection. In particular, we systematically investigate
the performance of THz QWPs operated in PLIP regime both
theoretically and experimentally by analyzing the dark current
and photocurrent response.We also demonstrate the relation be-
tween the performances [e.g., required power density for PLIP,
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detectivity and signal-to-noise ratio (SNR)] and doping den-
sity in quantum wells (QWs). Moreover, the optimized design
of THz QWPs for PLIP operation is presented and the perfor-
mances of these optimally designed QWPs are also given and
discussed in detail.

II. THEORY AND MODEL

A. Calculation of Band Structures
Unlike QWPs in the mid-IR region, THz QWPs have lower

barrier height and thus lower transition energy. Additional phys-
ical interactions such as exchange correlation and depolariza-
tion should be taken into account in designing the band struc-
ture of THz QWPs [12], [18], [19]. For electrons in quantum
well (QW) structures, the Schrödinger equation within the ef-
fective-mass approximation can be written as

(1)

Here is the coordinate in the QW growth direction, is the
reduced Planck constant, is the electron effective mass,

is the stepwise potential energy representing the periodic
conduction band offset profile of the multiple QW, is the
Hartree potential energy obtained from Poisson's equation,

is the exchange-correlation potential energy given by
the local-density approximation (LDA) based on the density
functional theory [20], [21], is the miniband index and is
the wavevector in the z-direction, i.e., ,
where . is the period length of the mul-
tiple QW structure and equals the sum of well and barrier

widths. is the number of QW periods. The boundary
condition is taken as . Concerning
the minibands and wavevectors, we approximate the continuum
by periodic states with respect to a large but finite .
Here, both for the test sample and for
the QWPs designed in Section IV give good approximations
for the continuum. and correspond to the -direc-
tion envelope function and the eigen-energy with miniband
index and wavevector . Schrödinger equation and Poisson
equation, along with the expression for exchange correlation
form a closed set which should be solved self-consistently. In
this paper, we numerically solve the above equations using a
plane-wave expansion method and use

as the criteria to check the convergence.
Here, is the Fermi energy at the th iterative step [19].
In the QWP structure, the number of electrons in the QWs

with miniband index and wavevector is given by

(2)

Through calculation, we find that the total electron densities in
the lowest two subbands are orders of magnitude higher than
the upper subbands. Therefore, we obtain the Fermi energy by
solving

(3)

Fig. 1. Signal photocurrent and background photocurrent.

Here, is the two-dimensional (2-D) doping concentra-
tion of each QW.
For a typical photodetector, the total current originates

from dark current generated by thermal activation, background
current from the background radiation through the field-of-view
(FOV) and signal current from the signal photon flux. Accord-
ingly, can, therefore, be expressed as a summation of the
above three contributions:

(4)

Here, is the detector responsivity, and are inci-
dent powers of background and signal radiation, respectively.
Comparing the relative magnitudes of three contributions, the
operating status of QWPs could be categorized into three per-
formance regimes: dark current limited performance in which

dominates, BLIP performance in which dominates
and PLIP performance for which dominates. It is always
desirable to operate QWPs under BLIP or PLIP regime for op-
timum sensitivity.
Fig. 1(a) is the schematic plot of combined use of THz QWP

and THz source, which is expected to realize high-temperature
detection. Fig. 1(b) shows the current transport mechanism of
THz QWP under illumination. Even though high operating tem-
perature results in large dark current, the signal photocurrent is
larger and can become dominant (i.e., achieving PLIP condi-
tion) with a THz source. In this case, background photocurrent
can always be neglected.

B. Dark Current
In standard theory of QWPs, three physical processes con-

tribute to dark current, interwell tunneling which can be ne-
glected due to the wide barrier, scattering-assisted tunneling
(SAT) and thermionic emission (TE) [10], [22]. For QWPs in the
THz region, the latter two processes are dominant accounting
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for its low barrier height, operating temperature and bias. Ac-
cording to the emission-capture model, we give the dark current
by [10]

(5)

The drift velocity is taken of the usual form
. and are the saturation velocity and low

field mobility, respectively. is the scattering time of elec-
trons from the ground state into the continuum state and is the
capture time from the continuum back to the ground state. For
QWPs in the mid-infrared region, the life time of excited elec-
trons is mainly determined by optical phonon scattering and
electron-electron scattering. For QWPs in the THz region (espe-
cially with the frequency THz) with transition energies less
than the LO phonon energy of GaAs (36 meV), the phonon scat-
tering would be weakened and electron-electron scattering will
become dominant, which is expected to cause a reduced capture
probability and thus an increased . Also, in this model, and

just enter linearly and not in the exponent [see (5), (7a),
(17) and (18)]. As a result, a small deviation in the estimation of

and will have weak impact on the results of dark current
and performances. Here, the scattering time is set as
ps and the life time of excited electrons is set as ps
[12]. is the transmission coefficient calculated using
the Wentzel–Kramers–Brillouin approximation as [10]

for (6a)

for (6b)

where is the barrier height lowering by the
applied electric field, is defined as the clas-
sical tunneling point. is the ground state energy. For energy
higher than the barrier, the dark current obtained corresponds to
TE dark current which is always dominant for QWPs operating
at high temperature and small bias. Thus, for high-temperature
detection, (5) can be simplified to

(7a)

(7b)

where is the 2-D electron density only including electrons
on the upper part (with energy greater than the barrier height) of
the ground state subband. is the activation energy defined
as the difference between the barrier height and Fermi energy.
For energy lower than the barrier, the dark current obtained cor-
responds to tunneling current including SAT (for

) and interwell tunneling (for ).

C. Photoresponse
The photocurrent density generated by background radiation

or monochromatic light (e.g., a laser) can be expressed as

(8)

is the photon power density which can be categorized into
and according to the source. The responsivity is given by

(9)

where is the photon frequency. is the peak absorption effi-
ciency of the QWP in a 45 degree double pass geometry, which
can be expressed as [10]

(10)

where is the vacuum permittivity, the refractive index is
3.3 for GaAs, is the angle between THz radiation prop-
agating direction and QW's growth direction,

is the number of electrons in the ground state, is the energy
difference between the first excited state and the ground state.

is the oscillator strength, where
and are the envelope functions in the ground and first excited
states, respectively. is the Lorentzian linewidth
constant, is the cutoff frequency defined as the frequency
where is 50% of the maximum, which approximately equals

from the measured photocurrent spectra.
is the photoconductive gain, where is the

escape probability of photoexcited electrons from the emission
zone and is the capture probability for an electron (with en-
ergy larger than barrier height) traversing a well for photocon-
ductive QWP.

D. Noise and Detectivity
As a photoconductive device, the conductivity of QWP in-

creases with incident infrared power. Under normal circum-
stances, the photoconductivity of QWPs increases linearly with
power, which means that the responsivity
is constant. However, at high signal power [23], [24] nonlinear
photoconductivity effects can take place, giving rise to a de-
crease of responsivity. This effect can be important, especially
for gas sensing or heterodyne detection where high signal power
is needed. This nonlinearity effect takes place at signal power
much lower than that causing the saturation of intersubband ab-
sorption in QWs due to depletion of electrons in the ground state
[25], [26]. For PLIP detection using THz QWPs, the nonlin-
earity effect has also been taken in account and discussed in
detail.
In our calculation of the electric field distribution across the

QWs, we apply the model in [24]. As indicated in Fig. 2(a), the
total current inside the QWP is the injected current at the
first barrier adjacent to the emitter. At the remaining bar-
riers of the structure, it consists of a photocurrent and a ther-
mally induced dark current. In this model, is taken to be
the average field across the remaining barriers as an approxi-
mation, which is reasonable both in the mid-IR [23], [24] and
THz regions [27]. The total current of the device with
the incident signal power and the bias voltage

can, therefore, be expressed as

(11)
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Fig. 2. (a) Schematic plot of conduction bandedge distribution of QWP under
illumination. (b) Responsivity vs incident signal power of the test THz QWP
sample (see detailed parameters in Section 3.1). V (1835.5 V/cm),

K, , 0.1, 10, 300, 1000 W/cm . (c) conduction band
diagrams at 0.5 V, K. For simplification, we only plot the first two
QWs.

is the injected current from the contact [28],
is the dark current including TE and SAT. is the respon-
sivity at local field , which could be thought as the signal
responsivity for QWP samples with large number of QWs [24].
The results of the simulation according to (11) are shown in

Fig. 2(b) and (c). The structure parameters of the tested QWP
sample are presented in the Section III-A. The applied voltage
is 0.5 V, i.e., average electric field of 1835.5 V/cm. The oper-
ation temperature used is 77 K, which corresponds to a PLIP
power of 407 W/cm . As indicated in Fig. 2(b), the respon-
sivity decreases slightly with the power. This can be explained
by Fig. 3(c), which displays the band diagrams. An increase of
excitation power results in redistribution of the potential. The
electric field in the emitter barrier increases to provide an en-
hanced electron injection, while the electric field in the QWs of
QWP decreases with power. Nevertheless, the responsivity does
not decrease significantly (just by less than 17.3%) even under
illumination densities of up to 1000 W/cm . This is because the
photon-induced voltage drop near the emitter is much smaller
than the applied voltage.
For practical applications, the dark current noise and the pho-

tocurrent noise often limit the ultimate detector performance in
photoconductive QWPs. Due to the escape and the trapping pro-
cesses controlling the dark current, the noise associated with
dark current is generation-recombination (g-r) in nature. The

dark current noise is therefore given by the standard expression
[29]

(12)

where is the device dark current and is the
dark current noise gain. By definition, the noise gain is
different from the photoconductive gain . For
THz QWPs, due to the bound-to-continuum transition case, the
escape process of excited electrons is very efficient, i.e., once an
electron is excited, it is already in the continuum. Also, the ap-
plied electric field could be increased to make the escape of elec-
trons easier. In this case, an escape probability equal to unity is
a good approximation for practical purposes and as a result, the
photoconductive gain is taken as

.
The detector noise associated with the background or signal

radiation is caused by fluctuations in the number of photons ab-
sorbed by a detector. For photoconductive QWPs, the noise cur-
rent could be given by [29]

(13)

The most important figure of merit is the detectivity , which
is given by

(14)

Generally, the SNR for QWPs can be expressed as

(15)

where is the area of the THz QWP device. By definition, the
PLIP regime is where the noise induced by in (14) and
(15) is larger than the dark current noise.

III. EXPERIMENT AND DISCUSSION

A. Device Structure
The THz QWP device structure is designed and grown on

a semi-insulating GaAs wafer by molecular beam epitaxy.
The structure consists of 35 GaAs/Al Ga as QWs sand-
wiched between top (400 nm) and bottom (800 nm) contact
layers, Si-doped to 10 cm . The well width (12 nm), Al
fraction (4%), doping density (10 cm ) and doping length
(7 nm) are optimally designed such that only one energy state

is bound in the QW and the excited state is close to
resonance with the bottom of the barrier conduction band. The
barrier width is designed thick enough to suppress the interwell
tunneling dark current. Square mesa devices of various sizes
(400 400 m 800 800 m , and 1000 1000 m ) were
fabricated using standard optical lithography and dry etching.
The mesa top was covered completely by a metal coating
(i.e., Pd/Ge/Ti/Pt/Au with 50/100/25/55/300 nm deposited by
electron-beam evaporation), which increased the electric field
at the semiconductor-metal interface. This configuration was
necessary for the combined use of THz sources to provide PLIP
regime considering the sample's large wavelength compared to
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Fig. 3. (a) Measured dark current density of the test sample at different tem-
peratures. The inset shows the dark current density at 0.1 V as a function of
temperature. (b) Calculated and measured dark current at positive bias. Dotted,
dashed, and solid lines represent TE, SAT and total dark current, respectively.
(c) Arrhenius plots of the dark current at 0.01, 0.1 and 0.4 V. the activation en-
ergy estimated is 22.7 meV at 0.01 V.

the multiple QW thickness [30]. For optical characterization,
samples were polished to give rise to a 45 facet and packaged
into the standard double-pass back side illumination geometry
with an internal incident angle of 45 . It should be noted that
for some application such as real time imaging focal plane
arrays, optical grating couplers are often used to realize normal
incidence of the illumination [31]. Device characteristics were
performed in a temperature-controlled helium cryostat.

B. Dark Current
Fig. 3(a) depicts the measured current–voltage ( – ) curves

under dark condition for a set of temperatures from 14 to
70 K. As shown, the – curves show strong temperature
dependence. We also give the dark current density at fixed bias
(0.1 V) as a function of temperature as further described in the
inset of Fig. 3(a). The dark current increases exponentially with
temperature, which is consistent with previous investigations
[15]–[17]. The bias of 0.1 V is chosen such that it does not
appreciably alter the band structure when producing a measur-
able current through the THz QWP device. With increasing
bias, the dark current density increases but shows an abrupt
growth by nearly one order of magnitude when the bias reaches
about 0.6 V. This remarkable transition occurs especially at
low temperature since the extra electrons which are usually
confined in QW can leak across the barriers due to an efficient
ionization of the first QW, which has been discussed in detail
by Guo et al. [27], Gomez et al. [32], and Delga et al. [33].
However, when it comes to high temperature, most of the

confined electrons escape into the continuum already by TE
and SAT and the relative contribution by extra leakage due to
ionization becomes negligible. The increasing trend of dark
current density with bias is different at various temperatures
from 14 to 70 K which is caused by the different dominated
dark current mechanism.
To analyze the dark current mechanism at various temper-

atures in more detail, we show the calculated and measured
dark current in Fig. 3(b). Dotted and dashed lines represent TE
and SAT dark current, respectively. Solid lines indicate the total
dark current. In our calculation, the interwell tunneling dark cur-
rent was much smaller than TE and SAT, and thus could be ne-
glected. As shown, at low temperature, both TE and SAT are sig-
nificant contributions to the total dark current. At high bias, the
SAT dark current can be several orders of magnitude higher than
TE. As temperature rises, TE dark current plays more and more
important roles in the total dark current. Especially, when the
temperature reaches 50 and 70 K, the contribution of SAT can be
ignored and TE becomes the dominant dark current. Hence, the
dark current mechanism can be simplified into pure TE regime
when THz QWPs are operated in the high-temperature region.
So, for high-temperature PLIP detection, the dark current can
be expressed as (7a) and (7b). For further analysis, (7a) and (7b)
can be written as

(16)

By plotting the quantity against inverse tempera-
ture, we can deduce the value of . Fig. 3(c) shows the plot
of ln( as the function of at three different biases,
i.e., 0.01, 0.1 and 0.4 V. The straight lines give the values
of 22.7, 19.7 and 13.9 meV, respectively. Decreased is ob-
served with increasing of the bias, which is likely caused by the
electric field induced barrier lowering effect and the remaining
SAT process. The value of obtained at 0.01 V where TE is
considered to be dominant is in agreement with the activation
energy obtained via the calculation of the band structure of THz
QWPs (further details will be discussed later).
In summary, TE regime is dominant in total dark current when

THz QWPs are operated at high temperature, which is demon-
strated by theoretical calculation and the experimental measure-
ment, also by the evaluation of .

C. Photoresponse
Fig. 4 shows the response of our sample to THz radiation from

a Bruker IFS 66S/V FTIR spectrometer which is optically cou-
pled into the THz QWP active region using 45 facet. The de-
vice shows photodetector response up to 23 K (measured BLIP
temperature is 16 K). From the response spectra, the peak re-
sponse frequency is obtained at 226 cm (44 m, 28 meV,
6.78 THz). The main dark region from 256 to 292 cm in the
sample is due to GaAs optical phonon absorption in the sub-
strate, other small features such as the dips at 312 and 338 cm
are caused by two-phonon absorption. The dip at 362 cm in
both samples corresponds to the AlAs-like phonon absorption.
The inset shows the band structure obtained from the

Schrödinger equation (i.e., (1) taking into account the Hartree
potential and the exchange-correlation potential. The transition
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Fig. 4. FTIR response of the test sample at different temperatures, FOV is 90 .
The inset depicts the band structure of the sample.

energy from the lowest subband to the first excited subband
is 26.3 meV. Further including dynamical many-particle ef-
fects, namely depolarization, the calculated peak response
is 27.5 meV which is in good agreement with the measured
28 meV considering the uncertainty in the aluminum fraction
and the well width during the wafer growth process. Theoreti-
cally the activation energy is meV,
which is in reasonable agreement but slightly larger than the
value of 22.6 meV deduced from the measured dark current
shown in Fig. 3(c). The small difference indicates that there
may be extra leakage currents due to the very low aluminum
fraction used, and perhaps random alloy fluctuations in the very
low aluminum regime results in a non-uniform barrier.

D. Performance
In this section, we investigate the key parameters that deter-

mine the performance of the detection unit (THz QWP com-
bined with THz QCL) including the signal power density re-
quired for PLIP , detectivity and the signal to
noise ratio (SNR) and point out the directions for possible im-
provement.
Equating (12) and (13), the required power for PLIP

for different temperatures can be obtained by

(17)

where is the absorption efficiency per QW.
Fig. 5(a) illustrates the relation between the minimum signal

power density required for PLIP regime and operation tempera-
tures. Once the signal power from the source equals , the
noise caused by dark current will equal the noise produced by
signal illumination and the PLIP condition is reached. The PLIP
detectivity can be expressed as

(18)

Fig. 5(b) shows the calculated PLIP detectivity of our test
sample at different PLIP temperatures. When working at 77 K,
the PLIP detectivity obtained is 1.39 10 cm Hz /W. When
reaching PLIP, we usually continue to increase the signal power
density to reach even better SNR practically. Therefore, SNR is

Fig. 5. Calculated (a) required power for PLIP and (b) PLIP detectivity
for test sample at different PLIP temperatures. (c) Calculated signal to

noise ratio SNR for increased signal power density at 77 K. Measurement band-
width is set to 10 Hz.

preferred to describe the detector performance and is given by
(15). For higher SNR in PLIP regime at fixed temperature, the
signal power density should be increased until the dark current
can be ignored with respect to the signal current. In this case,
the SNR can be simplified to

(19)

Fig. 5(c) gives the calculated SNR versus the signal power
density when the sample is operated in the PLIP regime at 77 K.
In this calculation, the measurement bandwidth is set as 10 Hz.
As shown, applying higher signal power density is an effective
way to increase SNR.

IV. DESIGN IMPROVEMENT

In the standard theory of QWP, the generally accepted op-
timum design is to ensure that the first excited state is in res-
onance with the top of the barrier. This configuration ensures
both large peak absorption and rapid escape of excited electrons
at the same time. Also, the barriers should be thick enough such
that interwell tunneling is negligible with respect to the current
flowing though the device.
To design an optimumQWP, we need to choose the following

parameters: well width , Al fraction Al , the doping density
, barrier width and the number of the wells .

Detailed research on THz QWPs design has been conducted
by Guo et al. [7] and Zhang et al. [12]. However, all the pa-
rameters chosen are focused on the best performance for THz
QWPs working in BLIP regime in the temperature range from
10 to 20 K. For high-temperature detection such as in the PLIP
regime, these parameters will not be the optimized ones any-
more. It is well known that the QW shape and the confined state
energy are determined by three parameters ( , Al N .
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Fig. 6. Relation of (a) required power for PLIP , (b) signal to noise
ratio (SNR) and (c) PLIP detectivity as the function of . All
results are normalized.

According to the design rule, the three parameters are not inde-
pendent, but coupled to each other to ensure that the first excited
state is in resonance with the top of the barrier for THz QWPs
with fixed frequency. However, there are still many sets of pa-
rameters ( , Al N that meet the requirement above.
So, how to choose the best set of parameters that not only meet
the design rule, but also yield better performance? A key step
is to fix the doping density N because of its significant
effect on the QWP parameters including Fermi energy, absorp-
tion efficiency and dark current as well as the potential cor-
rection caused by many-particle effects. Increasing the doping
concentration N , on the one hand, will results in an en-
hanced absorption efficiency and signal current. On the other
hand, many-particle effects will become stronger and eigenen-
ergies fall more deeply. To satisfy this design rule, the aluminum
fraction has to be decreased, which will result in an exponential
increase of dark current. So there is a dilemma in the selection of
doping concentration: weighing the benefits of improving pho-
tocurrent against the unwanted enhancement of dark current.
Back to (17)–(19), the expressions for the three key factors

(i.e., required power density for PLIP operation, PLIP
detectivity , and signal-to-noise ratio (SNR) can be sim-
plified to

(20a)

(20b)

(20c)

Fig. 6 illustrates the relation of and SNR
with . As shown, there is a trade-off between
and SNR. Reducing is an efficient way to obtain
low , but this will also degrade the SNR. For PLIP
detectivity, increases with , then peaks at

and decreases as increases further.

Fig. 7. Optimized doping densities for PLIP performance at various tempera-
tures. The black line indicates the maximum temperatures for THz QWPs with
different peak response frequencies.

So, if , we obtain the highest and rela-
tively lower power density for PLIP (as is less sensitive
in the region of low , there is no need to further
decrease at the expense of decreasing and
SNR). Even though SNR is not high enough, we can also make
it higher by increasing the signal power density if higher SNR is
preferred at fixed PLIP temperature. Inserting
into (2), we obtain the optimum doping concentration for a
given operation temperature.
The bullets shown in Fig. 7 are the calculated optimized

doping density for different THz QWPs at various operation
temperatures. The black line indicates the maximum tempera-
tures for THz QWPs with different peaks, which are obtained
by the assumption that the electrons above the barriers should
be less than a certain percentage (we set 15% here) of the total
electrons to make sure there are enough confined electrons
in the ground state to generate photocurrent. As shown, the
maximum temperature grows almost linearly with detection
frequency. The optimized doping densities obtained by (2) for
different temperatures and detection frequencies are shown
with bullets. When the operation temperature is 14.2 K, all
QWPs from 1 to 10 THz are functional and the optimized
doping densities for all QWPs are almost identical. The value of
doping concentration 6 10 cm , is consistent with the THz
QWPs proposed experimentally [17]. When the temperature is
increased to 77 K, a lot of electrons originally confined in the
ground state escape above the barrier especially in the QWPs
with relatively small intersubband energies. To compensate for
the escaped electrons, additional Si should be doped to make
the electrons on bound state comply with .
Thus, at fixed operation temperature, the total doping densities
show an increased trend as the peak wavelength grows. Based
on the definition of maximum temperatures, only QWPs with
peaks at 5.5 THz and above can be operated at 77 K.
Fig. 8 gives the calculated QW widths and aluminum frac-

tions for different response frequencies with optimum doping
concentration at 10, 45, 77 and 100 K, respectively. These pa-
rameters ( , Al calculated for 10 K are the most
common parameters designed for THz QWPs. These parame-
ters are optimized for 10 K, but are no longer optimal at higher
temperature. Here, we give 45, 77, and 100 K which starts from
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Fig. 8. (a) Calculated QW width and Al fraction for given response peaks at
10, 45, 77 and 100 K. The doping concentration is optimum designed as shown
in Fig. 7. The number of periods is 30. (b) Two-dimensional plot. We have in-
cluded Hartree potential, exchange-correlation and depolarization shift in the
calculation.

Fig. 9. Band structures of optimal designed THz QWPs with the same peak
response 6 THz at (a) 10 K, (b) 45 K and (c) 77 K. The dashed lines are the
Fermi levels. The optimal structure parameters are chosen from Fig. 8.

3.1, 5.5 and 7 THz respectively as an example. Clearly, though
the target frequency is the same, the set of three design param-
eters are strongly different at different operation temperature.
Fig. 9 shows the band structures of three optimally designed

THz QWPs with the same peak response 6 THz at 10 K, 45 K,
and 77 K, respectively. The black lines indicate the band dia-
grams, color lines are the ground subband plus five minibands

TABLE I
STRUCTURE PARAMETERS OF OPTIMAL DESIGNED 6 THZ QWPS AT 10 K,

45 K, AND 77 K

and the dashed lines are the Fermi levels. Detailed designed
parameters are illustrated in Table I. As shown, the optimal
doping concentration increases with the desired operation tem-
perature and as a result, the influence of many-particle effects
on the band structures becomesmore prominent.When operated
below 10 K, the QWP device of Fig. 9(a) is automatically in the
BLIP regime (i.e., one special case of PLIP where the signal
is the 300 K background). For fixed operation temperature, it
should be noted that in the high-frequency region, the trend of
the changing of design parameters are in accordance with the
previously proposed design rules [12], [16]. Generally, if a de-
sign for lower-frequency QWPs is needed, we could decrease
the Al fraction and increase the width of QW simultaneously.
However, in the low-frequency region, something different oc-
curs. Lowering the Al fraction will result in an exponentially
increasing escape probability of electrons originally confined in
QWs, especially at low Al fractions. Thus, many-particle effects
become much weaker and eigenenergies fall less deeply. The
QW width should be adjusted and even decreased to obtain the
target detection frequency and ensure the second subband to be
resonant with the top of the barrier.
To indicate their PLIP performances, the required power for

THz QWPs to realize PLIP detection is given in Fig. 10(a). The
black line represents the corresponding power density when
operated at the maximum temperatures. As shown, the required
power densities grow rapidly as the detection wavelength and
PLIP temperature increase, indicating that the PLIP operation
condition is more demanding at lower THz frequencies and
higher temperature, which is mainly caused by the higher dark
current generated in these parameter regimes. The required
power densities can easily be obtained by a high power laser
(such as THz QCL), since THz QCL can provide high power
up to hundreds of milliwatts. Note that presently THz QCLs
still need cooling, which makes them compatible with the
operation of THz QWPs. Thus, the combined operation of
THz QWP and QCL for gas sensing and other applications
is practical. For instance, to realize PLIP detection at 77 K,
the frequency of THz QWPs should be no less than 5.5 THz.
Taking 5.5 THz QWPs as an example, it needs a signal power
higher than 819 W/cm to achieve PLIP, which is far less than
the tolerable illumination density 10000W/cm reported by Liu
et al. on a 10 10 m QWP device [34]. The PLIP detectivity
and minimum signal to noise ratio for THz QWPs are also
presented in Figs. 10(b) and (c), respectively. Both are obtained
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Fig. 10. Calculated (a) required power for PLIP , (b) PLIP detectivity
and (c) signal to noise ratio (SNR) as the function of response frequen-

cies at different PLIP temperatures. The THz QWPs' parameters are optimum
designed in Fig. 8. The black lines in (a), (b) and (c) represent the corresponding
power density, detectivity and signal to noise ratio for each QWP when works
at its maximum temperature.

when the QWPs are illuminated with required power to achieve
PLIP. Thus, the PLIP detectivity is the maximum while the
signal to noise ratio is the minimum. When the signal power
density increases at fixed temperature, on the one hand, signal
current will be enhanced and better signal to noise ratio will be
obtained. On the other hand, the enhanced signal current will
result in an increased signal noise current which will inevitably
deteriorates the detectivity. Thus, the signal power density
could be adjusted as needed for operation.

V. CONCLUSION

In conclusion, we have reported a systematic theoretical and
experimental investigation on the PLIP performances of THz
QWPs, which could be used in combination with a THz laser
for detection at high operation temperature, by analyzing its
dark current performance and photocurrent response. We also
give the optimal doping concentration for different operating
temperature considering its influences on required signal power
density for PLIP, detectivity and signal to noise ratio. Accord-
ingly, unlike in previous studies, the optimum doping concen-
tration is not fixed, but determined by the operation temperature.
We present optimized designs of THz QWPs for different PLIP
temperatures and specify their PLIP performances. Simulated
results indicate that a QWP with peak response frequency of

5.5 THz is expected to achieve PLIP at signal power density of
819 W/cm and above. Higher temperatures (e.g., even higher
than 100 K, but below their maximum temperatures) can also be
obtained by high-frequency THz QWPs under practical illumi-
nation density. In our calculations, many-particle effects have
been taken into consideration.
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