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We investigate the limit of weak infrared photodetection based on a systematic analysis of three main
noise mechanisms, and point out the principles to achieve the ultimate performance. Two key issues
should be addressed to realize ultra-sensitive infrared photodetection: suppression of background
radiation, selection and optimization of photodetectors. We quantitatively studied the dependence
of ultimate performance on the background temperature and emissivity. It is revealed that the
background limited infrared performance detectivity for mid-infrared photodetection can be increased
from the range of 1010 to 1011 cmHz1/2/W to 1015 cmHz1/2/W or even higher values, when the
background radiation temperature decreases from the ambient to liquid nitrogen temperature.
Furthermore, we investigate the feasibility of photoconductive infrared photodetectors for
ultra-sensitive photodetection. Our simulations shows that ideal quantum well infrared photodetectors
(QWIPs) can reach background limited infrared performance at feasible operation temperatures
facing even very weak background radiation. For specific and quantitative analyses, QWIPs are used
C 2011 American
as the examples. However, the conclusions apply to a broader range of cases. V
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I. INTRODUCTION

The first infrared photoconductive detector was invented
in 1917.1 Since 1930s, lead salt infrared photodetectors have
been used for military applications.2 Thereafter since 1950s,
III-V (InSb, InGaAs, InAsSb), IV-VI (PbSnTe), and II-VI
(HgCdTe) compound semiconductor materials have been
investigated for infrared photodetectors.3 These materials
have tunable bandgap, high optical absorption coefficient
and carrier mobility, as well as low thermal generation rate,
making them suitable for infrared photodetection. Until now,
the whole infrared spectrum from near-infrared to farinfrared has been covered by narrow gap infrared photodetectors. In addition, photodetectors based on intersubband
transitions including quantum well infrared photodetectors
(QWIPs)4 and quantum dot infrared photodetectors have
been developed.5
Piotrowski et al.6 have studied the ultimate performance of
infrared photodetectors. The optimal detectivity of a photoconductive detector is calculated to be about 1  1011 cmHz1/2/W
at 5 lm, and about 3  1010 cmHz1/2/W at 10 lm, facing a 2psolid-angle field of view (FOV) room temperature blackbody
radiation, i.e., in the background limited infrared performance
(BLIP) regime. The ultimate BLIP detectivity of photovoltaic
detectors is higher than that for photoconductive detectors by a
factor of square root of two. Today, these limitations have been
closely approached. Mid-infrared photoconductive HgCdTe
and photovoltaic InSb detectors working at liquid nitrogen temperature have detectivities higher than 1  1011 cmHz1/2/W at 5
lm, and far-infrared PbSnTe photovoltaic detectors have deteca)
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tivities of 2.5  1010 cmHz1/2/W at 10 lm.3 Meanwhile, intersubband infrared photodetectors with absorption efficiencies
higher than 90% and detectivities comparable to interband
infrared photodetectors have been demonstrated.7 It should be
highlighted that the mentioned detectivities are the ultimate performance limited by the background radiation instead of the detector property. Making even better photodetectors will not
bring about a higher detectivity in the usual BLIP regime.
On the other hand, much higher infrared photodetection
capability is called for. Infrared photodetection at ultra-low
power densities of sub-picowatt or even single photon levels
are useful for cutting-edge scientific exploration and quantum information. Single photon generation and detection in
the visible and near-infrared region have been demonstrated
using notably single photon avalanche diodes (SPADs) based
on Si, InGaAs/InP SPADs,8 superconducting transition-edge
sensors,9 and upconversion techniques.10 In contrast, the
capability in longer wavelength region is lagging far behind,
partially due to the lack of ultra-high infrared photodetection
techniques.
Two problems need to be addressed to realize ultrasensitive infrared photodetection. First, background radiation
should be suppressed so that high detectivity becomes possible. Facing room temperature background radiation, BLIP
detectivity for mid-infrared photodetection is in the range of
1010 to 1011 cmHz1/2/W. To further improve the detectivity,
the background noise should be reduced. Ueda et al.11 used
an all-cryogenic spectrometer to create an ultra-low background radiation environment and got a high detectivity of
8  1014 cmHz1/2/W at 15 lm. The spectrometer worked at
liquid helium temperature. In this article, we quantitatively
analyze the dependence of detectivity on background temperature and emissivity. Based on our calculations, BLIP
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detectivity in the order of 1015 cmHz1/2/W can be expected
for the mid-infrared range, using a liquid nitrogen lowemissivity all-cryogenic spectrometer, in combination with
an optimized infrared photodetector.
Second, infrared photodetectors should be optimized to
minimize the noise and effectively collect the signal. For
mid-infrared and far-infrared regions, charge-sensitive infrared phototransistors11 and hot-electron nanobolometers12
have demonstrated the capability for ultra-sensitive detection. In this article, we investigate the feasibility of using
photoconductive infrared photodetectors, the mainstream
infrared photodetection devices, for this purpose. For specific
and quantitative analyses, we use QWIPs as the example
case though the conclusions apply to a broader range of
infrared photodetectors. It is revealed that narrowband infrared photodetectors are advantageous to achieve ultimate performance at specified wavelength or within a narrow
wavelength band. Our calculations show that QWIPs are
able to reach BLIP condition at feasible operation temperatures facing even very weak background radiation.
II. THEORETICAL BACKGROUND

In general, infrared photodetector noises have three
sources, (a) device noise, (b) background noise, and (c) signal noise. The device noise is the current noise in the absence
of illumination. The background noise is produced by the
background radiation incident on the photodetector, and the
signal noise is caused by the incident signal light. More specifically, device noises can be categorized into three types:
Johnson noise, generation-recombination (g-r) noise, and 1/f
noise. For infrared photoconductive detector working at optimal conditions, Johnson noise and 1/f noise seldom limit the
detector performance. The main source of device noise is the
g-r noise, which is caused statistically by the fluctuation of
thermal generation and recombination of carriers. The device
noise caused by g-r is expressed as13
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
in;Device ¼ 4egidark Df ;
(1)
where e is the electron charge, g is the current gain, idark is
the dark current, and Df is the measurement bandwidth.
Infrared photodetectors are illuminated with background
radiations, which are normally assumed as a gray body radiation. The incidence of photons on the photodetector is a homogeneous Poisson process. The lifetime of photoexcited
carriers in a photoconductive detector also obeys a Poisson
distribution. For a photoconductive photodetector, the noise
resulted from background radiation is13
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
in;BB ¼ 4egiBB Df ;
(2)
where iBB is the photocurrent induced by the background
radiation. Similarly, input signal light results in a signal
noise in,Signal13
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
in;signal ¼ 4egiSignal Df ;
(3)
where iSignal is the photocurrent induced by the signal light.
Compared with the background noise and device noise, the
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signal noise is negligible for normal applications. The total
noise in of a photoconductor satisfies:
in 2 ¼ in;BB2 þ in;Signal 2 þ in;Device2 :

(4)

These three noise sources compete with each other. Practically, one of them will dominate over the others, depending
on the operation conditions. In the following, we discuss the
approaches to achieve high infrared performance.
We analyze in Sec. III A the dependence of device performance on operation temperature. The detectivity can be
substantially improved by cooling the photodetector, but it
will saturate when the operation temperature is below the
BLIP temperature. The only choice to further improve the
detectivity is to reduce the background noise. In Sec. III B,
we investigate three aspects to suppress the background
noise: the absorption spectrum, the temperature, and the
emissivity of background radiation. In Sec. III C, we examine the influence of signal noise on infrared photodetector
performance. Although signal noise can be ignored for most
common applications, it should be considered when the
background noise and device noise are suppressed to very
low levels.
III. RESULTS AND DISCUSSION
A. Device noise

An effective way to improve infrared photodetector
detectivity is to cool the device. The device noise can be substantially suppressed via reducing the operation temperature,
since the dark current of a semiconductor photodetector,
either interband or intersubband, decreases rapidly with
deceasing operation temperature.
To be specific, we use a typical QWIP (Sample S2 in
Ref. 14, referred to as S2 hereafter) to carry out the following analyses. The QWIP active region is composed of 100
repeats of GaAs (54 Å thick)/Al0.24Ga0.76As (300 Å thick)
layers. The quantum well center is doped with Si to a density
of 4  1011 cm2, and the structure parameters are properly
chosen to meet the bound-to-quasibound configuration. The
absorption spectrum of a QWIP can be approximated by a
Lorentz line shape centered at a peak wavelength kp with a
linewidth khalf, within the wavelength range around the peak
wavelength. For calculations in this paper, the integration
range is from kp-2khalf to kp þ 2khalf. QWIP S2 has an
absorption efficiency of 0.4% per quantum well at the peak
wavelength of 9 lm, and the absorption linewidth is about
1 lm. The excited carrier lifetime is 11.8 ps. The BLIP temperature is measured to be 72 K, facing 90 FOV 300 K
background radiation.
According to the three-dimensional carrier drift model
of QWIPs, the dark current is proportional to the density of
carriers excited above the barrier:13


idark

mb kB Top
¼ evA
2ph2



3=2
exp


DE

;
kB Top

(5)

here v is the carrier drift velocity under device bias, A is the
device area, Top is the device operation temperature, mb is
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the carrier effective mass in the barrier, and DE is the barrier
height referenced the Fermi level. For an 8 to 12 lm QWIP,
the typical value of DE is 120 meV.13 In Eq. (5), only the
drift of thermally excited carriers is taken into account, while
the tunneling current is ignored. The dark current of QWIPs
has three causes, drift of thermally excited carriers, interwell tunneling, and defect-assisted tunneling. For relatively
high operation temperatures, the first factor has been experimentally confirmed to be the main source, and the latter two
factors can be ignored. For low operation temperatures, the
latter two factors start to play a role. However, the inter-well
tunneling and defect-assisted tunneling can be completely
suppressed by using sufficiently wide barriers with low
defect densities. The goal of present paper is to investigate
the ultimate infrared photodetection performance and the
feasibility of using QWIPs for this purpose, so we consider
an ideal QWIP which is specifically designed and properly
fabricated. Therefore, only the drift of thermally excited carriers is taken into account.
The validity of Eq. (5) has been experimentally verified
for operation temperatures ranged from 60 to 85 K.14 The
dark current of QWIP S2 is measured to be 6.0  107,
1.4  105, and 4.5  104 A/cm2 for operation temperatures
of 60, 72, and 85 K, respectively, under 2 V device bias. In
this paper, we use Eq. (5) to calculate the dark current at all
operation temperatures, ignoring the tunneling component.
The parameters for calculation in are mb ¼ 0.094me , with me
the electron mass, andDE ¼ 120 meV.
Figure 1(a) shows the dependence of noises on the operation temperature of QWIP S2 under 90 FOV room temperature blackbody radiation, ignoring the signal noise. The
dark current noise is calculated using Eq. (1) and Eq. (5),
while the background noise is calculated using Eq. (2) and
the expression for background current. During the calculation, we assume the measurement bandwidth Df to be 104
Hz, and employ a current gain of 0.1 (experimental value).
These values are also used for noise current calculation in
the following contexts. The curves of background noise and
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device noise intersect at the BLIP temperature, 72 K. At
operation temperatures higher than the BLIP temperature,
the device noise dominates. Cooling the sample will effectively reduce the device noise, and thus the total noise level.
At operation temperatures below the BLIP temperature, the
background noise becomes the main noise source. Figure
1(b) shows the temperature dependent detectivity. The detectivity is only 1.2  107 cmHz1/2/W at 300 K operation temperature. It increases drastically to 3.8  1010 cmHz1/2/W
when the device works under BLIP condition. To achieve
even higher detectivities, the background noise must be
reduced.
B. Background noise

Assuming an infrared photodetector looking at a background radiation from 90 FOV, the incident radiation power
P(k)dk within the wavelength interval dk at wavelength k is
PðkÞdk ¼ e

phc2
Adk
;
5 expðhc=k T kÞ  1
k
B BB

(6)

where e is the emissivity, h is the Planck constant, c is the
speed of light in vacuum, and TBB is the background temperature in Kelvins. The emissivity of an ideal blackbody is
unity. Real objects are normally treated as gray bodies,
which have constant emissivities less than one.
The photocurrent iBB induced by the background radiation is
ð
eggðkÞPðkÞk
dk:
(7)
iBB ¼
hc
For a photodetector working under BLIP condition, the device noise and signal noise can be ignored. Using these definitions, we get the background limited specified detectivity
at wavelength k:
DBL ðkÞ ¼

kgðkÞ
hc

ð
egðkÞ

4pc
1
dk
4 expðhc=k T kÞ  1
k
B BB

1=2
:
(8)

For a specified wavelength k, the BLIP detectivity DBL ðkÞ is
determined by three parameters: the absorption spectrum
gðkÞ, the temperature of background radiation TBB, and the
emissivity e of the background.
1. Background radiation temperature and emissivity

FIG. 1. (Color online) Dependence of (a) noises and (b) detectivity of
QWIP S2 on the operation temperature. The photodetector faces 90 FOV
300 K background radiation.

The total radiation power of a blackbody source is proportional to TBB4. The background radiation power at 77 K
on a photodetector is only four thousandths of the radiation
power at 300 K. Taking into account of the absorption spectrum, the absorbed radiation by an infrared photodetector
can be reduced more significantly. As an example, Fig. 2(a)
shows the dependence of noises on the background temperature calculated from Eqs. (2) and (7), with an operation temperature of 60 K. When the background temperature is
reduced from 300 to 77 K, the background radiation
absorbed by the photodetector is decreased by more than 104
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FIG. 2. (Color online) Dependence of (a) noises with 60 K operation temperature, and (b) BLIP temperature on background radiation temperature for
QWIP S2.

times, and the background noise [red dashed curve in
Fig. 2(a)] is therefore reduced by 100 times.
Figure 2(a) shows that the background noise equals to
the device noise at 150 K background temperature under 60
K operation temperature. In other word, the BLIP temperature is 60 K facing 150 K background temperature. Obviously, the BLIP temperature decreases with the decreasing
background radiation temperature [Fig. 2(b)], since the total
background radiation is going down. The BLIP temperatures
are 72, 41, and 4 K, respectively, at background temperatures
of 300 K (room temperature), 77 K (liquid nitrogen temperature), and 4.2 K (liquid helium temperature).
Figure 3 shows the peak detectivity of QWIP S2 as a
function of the detector temperature and the background
temperature. Some points worth noting are as follows.
1. The peak detectivity is 1.2  107 cmHz1/2/W at 300 K
background temperature and 300 K detector temperature
where it is limited by device noise. By cooling the photodetector to 77 K, a detectivity of 3.8  1010 cmHz1/2/W is

FIG. 3. Dependence of peak detectivity on the blackbody radiation temperature TBB and operation temperature Top for QWIP S2.
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reached. Thus, infrared photodetectors generally work at
cryogenic temperatures.
2. A much higher BLIP detectivity of 5.1  1013 cmHz1/2/W
is obtained for 77 K background temperature, about 133
times increase from the BLIP detectivity for 300 K background temperature. Assuming the area of the photodetector to be 1 mm2, the sampling rate to be 10 kHz, the noise
equivalent power is calculated to be 2.0  1013 W-subpicowatt level. To achieve this performance level, all
parts of the measurement setup should be cooled to liquid
nitrogen temperature, and there should be a cold shield to
screen the outside background radiation.
3. Facing 40 K blackbody radiation as the background, the
BLIP detectivity is 2.2  1017 cmHz1/2/W. Using the
same photodetector and measurement parameters as in
above paragraph, the noise equivalent power under BLIP
condition is calculated to be 4.5  1017 W, which corresponds to a 9 lm noise photon flux of about 2000 Hz. The
single photon level detection therefore would be possible.
The challenge is how to reach BLIP condition facing such
weak background radiation.
Based on our calculations, the BLIP temperature is 28 K
for QWIP S2, facing 40 K background radiation. We arrive
at this result under the assumption that the QWIP dark current satisfies Eq. (5), and the g-r noise to be the main device
noise. For operation temperatures higher than 50 K, these
assumptions have been verified.14 However, the validity of
these assumptions under low operation temperatures still
needs to be investigated.
Equation (8) indicates that the emissivity e of background radiation matters as well. The background radiation
power is proportional to the emissivity. Therefore, the detectivity
pﬃﬃ at a specified wavelength is inversely proportional to
e. To take advantage of this, we suggest that all surfaces
seen by the infrared photodetector during measurement
should be covered by layers with low emissivity, e.g., polished gold with an emissivity of about 0.01. The detectivity
can be improved by another order of magnitude.
In above discussions, we use the performance at 9 lm
wavelength as an example. The performance at other wavelengths has similar behaviors, yet there are some numerical
differences. Figure 4 shows the wavelength dependent BLIP

FIG. 4. (Color online) Wavelength dependent BLIP peak detectivity for a
series of QWIPs, facing 300 K and 77 K background radiation, respectively.
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peak detectivity for a series of QWIPs, facing 300 K and
77 K background radiation, respectively. For each QWIP,
the ratio of absorption linewidth to peak wavelength is 0.1.
For all wavelengths, the peak detectivity is obviously
increased by reducing the background temperature from
300 K to 77 K. However, the amount of increase is different:
it is about 3  105 times at 5 lm, more than 140 times at
9 lm, and about 30 times at 20 lm.

2. Absorption spectrum

In our previous paper,14 we have investigated a series of
QWIPs with different doping concentrations in the quantum
wells. The samples have different absorption values but
nearly the same absorption spectrum line shape. The BLIP
detectivity relates to the absorption quantum efficiency by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(9)
DBL ðkÞ / gðkÞ:
This conclusion is not only valid for QWIPs, but also for
other photoconductive infrared photodetectors. Equation (9)
can be easily deduced from Eq. (8). The logic is straightforward: to have high detectivity at a wavelength k, high
absorption efficiency at this wavelength is desired so that
more signal radiation can be detected.
Equation (8) indicates that the detectivity DBL ðkÞ is not
just determined by the absorption at the targeted wavelength,
but also affected by the absorption at other wavelengths, in
other word, the absorption spectrum line shape. The linewidth of QWIPs is associated with the excited carrier lifetime and interface roughness, which can be tuned to some
degree. For a QWIP with a fixed number of period and doping, the integrated absorption efficiency is constant. The
peak absorption rate decreases when the absorption linewidth
increases [Fig. 5(a)]. Figure 5(b) shows dependence of BLIP
peak detectivity DBL ðkÞ on the linewidth of a series of
QWIPs peaked at 9 lm, facing 77 K blackbody radiation
with an emissivity of 0.01 from 90 FOV. The peak detectivity is 1.4  1015 cmHz1/2/W for 0.5 lm linewidth, and
1.2  1014 cmHz1/2/W for 2 lm linewidth.
Above analysis shows that a narrowband infrared photodetector is superior, if the ultimate goal is to have high detectivity at a specified wavelength or within a narrow

FIG. 5. (Color online) (a) Absorption spectra of a series of QWIPs with different linewidths, and (b) dependence of the peak detectivity and broadband
detectivity on the linewidth of a series of QWIPs peaked at 9 lm under the
BLIP condition. The detectors face 77 K backzground radiation with an
emissivity of 0.01 from 90 FOV.
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wavelength band. The benefit of narrower response range is
twofold. First, the peak absorption rate increases, so the
responsivity becomes higher. Second, a smaller portion of
the background radiation is seen, and the background noise
would be lower. Therefore, narrowband infrared photodetectors can also be useful for applications such free space communication and trace gas detection, since the interference
(not only blackbody radiation) from other wavelengths is
suppressed.
In above discussions, we focus on the detectivity at a
specified wavelength or within a narrow wavelength band. In
other application such as infrared imaging, the signal light to
be detected is broadband. Accordingly, what matters is the
broadband detectivity which describes a photodetector’s performance over a wide wavelength range. Broadband infrared
photodetectors can provide higher detectivities and therefore
they are better choices. The other advantage of broadband
photodetectors is that a wide wavelength range can be covered with one broadband infrared photodetector. For example, it takes only one HgCdTe photodetector to cover the
wavelength range between 3 to 12 lm, while several QWIPs
have to be used for the same wavelength range.
C. Signal noise

We have shown that the background noise and device
noise can be suppressed to allow infrared photodetection at
ultra-low levels. In such cases, the signal noise can become
the major noise mechanism, and we reach the signal noise
limited regime, the ideal operation situation for infrared
detection. Using the definitions, we get the signal noise:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gðkÞkDf
PSignal A;
(10)
in;Signal ¼ 2eg
hc
where PSignal is the signal power density.
Figure 6(a) shows the dependence of noises on the background radiation temperature, for QWIP S2 facing 9 lm signal with a power density of 1  1012 W/cm2. For a 1 mm2
area device, this corresponds to a signal flux of 4.5  105
photons per second. The black short dashed curve is the
background noise, the red dashed curve is the signal noise
and the blue solid one is total noise. The operation temperature is set low (e.g., 4.2 K) so that the device noise is negligible. The background noise and signal noise become equal at

FIG. 6. (Color online) (a) Dependence of noises on the background radiation temperature, for QWIP S2 with an operation temperature of 4.2 K and a
signal power density of 1  1012 W/cm2, (b) the background radiation temperature equalizing background noise with signal noise.
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a background radiation temperature of 54 K. Here we call it
the signal noise limited background temperature (SLBT).
Background noise dominates at background temperatures
higher than SLBT, and signal noise becomes the main noise
mechanism at lower background temperatures. Figure 6(b)
shows the SLBT as a function of signal power density. Obviously, the signal noise limited situation is easier to achieve at
higher signal power densities: the SLBT is 300 K at a signal
power density of 3.2 mW/cm2, and 67 K at a signal power
density of 1  1010 W/cm2.
IV. CONCLUSION

In summary, we have investigated the limit of weak
infrared photodetection, and point out the principles to
achieve the ultimate performance. Three main noise sources,
device noise, background noise, and signal noise, compete
with each other, and one of them will dominate over the
others depending on the operation situation. Facing room
temperature background radiation, the ultimate detectivity
limited by the background noise is in the range of 1010 to
1011 cmHz1/2/W. We show that background noise decrease
rapidly when the background radiation temperature is cooled
from room temperature to 77 K or even lower temperatures.
Accordingly, the BLIP detectivity can be improved to 1015
cmHz1/2/W or even higher values. Single photon level infrared photodetection is also feasible under specified conditions. In addition, we point out the principles of device
selection and optimization to achieve the ultimate performance: a narrowband infrared photodetector is preferred to
achieve ultimate detectivity at a specified wavelength or
within a narrow wavelength range, while a broadband photo-
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detector is a better choice for most other applications. Our
simulations show that QWIPs are able to reach BLIP condition at feasible operation temperatures facing even very
weak background radiation.
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