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Abstract— This paper investigates the dependence of background
limited performance (BLIP) temperature of quantum well infrared
photodetectors (QWIPs) on doping density. In contrast to the generally
accepted optimal doping condition E F = k B TBLIP , our theoretical
prediction shows that lower doping densities should slightly increase
the BLIP temperature TBLIP taking into account the temperature
dependence of the Fermi energy E F , a factor neglected in the previous
analyses. Numerical modeling results are used to reinterpret the reported
TBLIP measurements for a series of QWIPs of typical design for
9 µm peak wavelength with different doping values. In addition, based
on the same general expression for the Fermi energy, the optimized
sheet doping concentration to achieve maximum detectivity is given by
E F = 1.37 kB T , a revision to the previous E F = 2 k B T condition.
Index Terms— Quantum well infrared photodetectors (QWIPs),
background limited performance (BLIP) temperature, doping density,
detectivity.

I. I NTRODUCTION
Quantum well infrared photodetectors (QWIPs) [1], [2] have been
applied to focal plane arrays (FPA) for thermal imaging [3], [4] and
high speed detectors [5], [6] in the mid- and long-wavelength infrared
spectral range. To characterize the performance of QWIPs, systematic
studies have been performed on the doping density dependence of the
absorption coefficient α, quantum efficiency η, optical gain g, dark
current Idark , detectivity D* and background limited performance
(BLIP) temperature [1], [2], [7], [8]. The following statement is
generally accepted: to achieve highest BLIP temperature (TBLIP )
and maximum D*, the optimum Fermi energy E F and hence the
doping density is given by the conditions E F = kB TBLIP and E F =
2kB T , respectively [1], [2], [7], [8]. However, the approximation of
T -independent E F is no longer valid for elevated temperatures even
in the cryogenic temperature regime. To analyze the TBLIP dependence on E F , we present here a numerical calculation using typical
QWIP designs parameters and reinterpret the previous experimental
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results. The theoretical prediction does not support the existence of
an “optimal doping” for maximum TBLIP and implies that TBLIP
will increase slightly with decreasing doping density. The reported
experimental results are consistent with our calculated TBLIP values.
In addition, based on the same general expression of the Fermi energy,
we predict the optimum sheet doping concentration at E F =1.37 kB T
to achieve maximum detectivity.
II. A NALYSIS
The total current through a photodetector is composed of dark current Idark and photocurrent Iph . Both signal and background radiation
can excite photocurrent and the latter is usually relatively high for
infrared detection. The BLIP temperature TBLIP is the characteristic
temperature at which the background photocurrent equals the dark
current. Under background limited performance, the intrinsic noise
of the detector is negligible in comparison with the noise from the
fluctuation of the background photon flux. The dark current of typical
QWIP structures, described by the three-dimensional (3D) carrier
drift model [2] accounting for the thermally excited carriers from
the well and flowing above the barriers, is given by
Idark = 2

 ∗
3
m b kB T 2
2π2



E act
exp −
eVdrift (F)A
kB T

(1)

where e is electron charge and A is detector area, h̄ is the reduced
Planck constant, kB is the Boltzmann constant, Vdrift (F) is the
electron average drift velocity in the barrier region which depends on
electric field F, m ∗b is the barrier effective mass, T is temperature,
E act is the thermal activation energy which equals the energy
difference between the barrier height and the Fermi level in the well.
Neglecting the bias field-induced barrier lowering effect, we have
E act = Vb −E F . The background photocurrent Iph,bg is given by the
standard expression
Iph,bg = e Aη

τcap Vdrift (F)
φbg
NLp

(2)

where η is the absorption quantum efficiency, bg is the photon
number flux of background radiation, N is the number of quantum
wells (QWs), τcap is the electron capture time into the well and L p is
the QW period width which equals the sum of the well width and the
barrier width. Since the capture process is determined by LO phonon
scattering, we use the approximation given in Ref. [9] as an estimate
for τcap .
Using the 3D carrier drift dark current model, TBLIP is obtained
from the following relationship [2] by equating (1) and (2),
η(1) τcap φbg = 2L P

 ∗
3
m b kB T 2
2π2


exp

EF
hc
−
kB T
λkB T


(3)

where c is the light speed, h is the Planck constant, η(1) is the
absorption quantum efficiency for one well and λ is the cutoff
wavelength of detector. E F depends on both the temperature and
the 2D carrier concentration [8], [10] in the well N2D



EF
m
N2D =
k
T
ln
1
+
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(4)
B
kB T
π2
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Fig. 1. Different approaches for calculating the Fermi energy as a function
of the 2D carrier concentration in the QW. The E F ignoring temperature
effect is plotted using a dashed line, while the E F values which account
for temperature effect are plotted for 70 K (triangles) and 80 K (circles),
respectively. The Fermi energy value is referenced to the ground state energy
in the well.

where m is the QW effective mass. E F is referenced to the ground
state energy E 1 . If E F / kB T >>1 is valid, we get the approximation
EF =

π2
N2D
m

(5)

in which the temperature variation is ignored for simplicity. η(1) is
proportional to N2D taking into account the impact of the spectral
broadening [7], [10], η(1) = κ N2D /δ E, where κ represents the proportionality coefficient which is related to QW structure parameters,
δ E is the half width at half maximum of the absorption lineshape.
Based on this approach, the absorption for one well and thus the
Fermi energy are proportional to N2D , which thus yields η(1) ∼ E F .
In previous analyses, combining Eq. (3) with Eq. (5), TBLIP is
determined by solving the following transcendental equation
3 


1


(δ E)L P (m ∗b ) 2
kB T 2
EF
hc
EF
=
exp
−
exp −
kB T
kB T
τcap φbg mκ
λkB T
2π2
(6)
One can adjust the ratio E F /kB T to maximize the left-hand side of
Eq. (6), so that the trend of TBLIP is related to a function of the
ratio E F /kB T . Under this approximation, the ratioE F /kB T can be
used as an adjustable parameter, TBLIP reaches its maximum value
at E F /kB T = 1. From the above discussion the generally accepted
conclusion is that E F = kB TBLIP is the optimal doping for maximum
TBLIP .
The optimal doping is characterized in terms of the ratio
E F /kB T , based on the assumption that E F is proportional to N2D
for simplicity. However, is the assumption of temperature independent
E F a good approximation for realistic QWIPs? Considering n-doped
GaAs/Alx Ga1−x As quantum well structures, Fig. 1 compares the
temperature dependent and independent Fermi energy approaches as
a function of the 2D carrier concentration. The E F which ignored
the temperature effect is plotted using a dashed line, while the E F
values obtained from Eq. (4), which account for the temperature
effect are plotted for 70 K (triangles) and 80 K (circles), respectively.
The Fermi energy value is referenced to the ground state energy
in the well. As seen in Fig. 1, at carrier concentrations below
N2D < 4 × 1011 cm−2 , E F values become temperature dependent
and show significant nonlinear dependence on N2D . The nonlinearity is even more pronounced for decreasing carrier concentra-

tion. Only in the regime N2D > 5 × 1011 cm−2 , the difference
between the E F values raised by the T -independent model can be
neglected. The approximation of T -independent E F is not satisfied
for realistic carrier concentrations in cryogenic temperature regime.
Therefore, the previous characterization on T -independent E F cannot
accurately reflect the relationship between the TBLIP and the carrier
concentration.
Assuming a complete ionization of the donors, the nonlinear
dependence of E F on doping density cannot be ignored in the
operation temperature regime of QWIPs. In order to derive a more
general and precise TBLIP dependence involving temperature effects
on E F , Eq. (6) should be replaced by
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(7)
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in which the right-hand side is the same. The trend of TBLIP
is determined by the competition between photocurrent and dark
current. The ratio E F /kB T is associated with the doping level, larger
positive ratio represents higher doping density, while negative ratio
corresponds to relatively low doping such that the Fermi energy is
below the ground state. The left-hand side of Eq. (7) approaches
1−0.5 × exp (E F /kB T ) in the region of “low” E F /kB T , i.e.,
E F /kB T << −1. This implies that TBLIP will slightly increase
with decreasing carrier concentration. However, reducing the doping
level to achieve higher TBLIP leads to reduced absorption, which is
undesirable for the detector performance.
III. R ESULTS AND D ISCUSSION
We present a numerical calculation to reinterpret the previous
experimental results. For a typical QWIP, accounting for the carriers
distributed above the barrier, E F is determined by the following
 ∞
 ∞
ρ2D (ε) f (ε)dε + L p
ρ3D (ε) f (ε)dε (8)
Ndope =
0

Vb −E 1

where Ndope is the equivalent sheet doping density in the well,
Vb is the barrier height, f (ε) is the Fermi-Dirac distribution function,
ρ2D = m/(π h̄ 2 ) is the 2D density of states in the well and ρ3D is
the 3D density of states above the barrier. For the Fermi energy
calculation, we used the QWIP parameters taken from Ref. [8].
This QWIP series designed for about 9.5 μm cutoff wavelength
had a measured peak wavelength of about 8.9 μm. The samples
had nominally identical QW parameters but different doping densities in the well with 2D equivalent doping densities ranging from
2 × 1011 to 8 × 1011 cm−2 . The calculation shows that the 3D states
carriers make up very little proportion in total carriers in cryogenic
temperature regime, so that Eq. (4) should be a good approximation.
The T -dependent E F are calculated from Eq. (7). Assuming Ndope
ranges from 5 × 1010 cm−2 to 1 × 1012 cm−2 , for 9 μm peak wavelength QWIPs with π/2 FOV and for 300 K background radiation,
the numerically modeled TBLIP are shown as a function of the ratio
E F /kB T and the sheet doping density in Figs. 2(a) and 2(b), respectively. TBLIP values as obtained using a T -independent E F are shown
in Fig. 2(b) for comparison. The TBLIP values predicted by the two
models differ by 1.2 K at 2 × 1011 cm−2 and by as much as 2.7 K
at 1 × 1011 cm−2 . The experimental TBLIP results from Ref. [8] are
also plotted in Figs. 2(a) and 2(b) as a function of the corresponding
ratio E F /kB T and doping density, respectively. The theoretical
values of TBLIP using T -dependent E F are in good agreement
with the experimental results. Both the theoretical modeling with
T -dependent E F and the measurements show that TBLIP will increase
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Fig. 2.
Calculated TBLIP for 9 μm QWIPs as a function of (a) ratio
E F /k B T using T -dependent E F (up triangles) and (b) sheet doping density
using T -independent E F (circles) and T -dependent E F (down triangles),
with π /2 FOV and for 300 K background radiation. The measured TBLIP
(solid squares) are taken from Ref. [8].

Fig. 3.
Theoretically predicted detectivity dependence of the ratio
E F /k B T for a typical 9 μm QWIP at 80 K (empty triangles) and 85 K
(empty squares), respectively. The experimental data at 80 K (solid triangles)
and 85 K (solid squares) taken from Ref. [8] are reproduced.

with decreasing doping. The present theory contradicts the previous
prediction E F /kB T = 1 (in this case equivalent doping density
2.3 × 1011 cm−2 ) for the optimal condition to achieve the highest
TBLIP .
In addition, we extend the analysis to detectivity D ∗ as a function
of the doping density. D ∗ is defined as the signal to noise ratio
normalized by the incident power, detector area A and electrical
bandwidth f of the measurement, i.e., D ∗ = R(A f )1/2 /i noise,
where R is the responsivity and i noise is the current noise of
the detector. Using the expressions i noise = (4eI dark g f ) 1/2 and
R = e(λ/hc)ηg, where g is the gain, D ∗ is written as
⎡
⎤ 1

 ∗
 −2
1
 23
(1)  τ
2
m
k
T
N
λη
E
cap
B
act
b
⎣2
⎦
exp −
(9)
D∗ =
2hc
Lp
kB T
2π2

The condition for optimum D ∗ derived here is relevant for QWIP
single detectors and FPAs which are limited by the noise arising
from dark (i.e. thermally induced) conductivity. This limitation is a
practical issue since low operation temperature usually has the penalty
of increased power consumption and reduced lifetime of the cryocooler. Optimizing this “dark-limited” D ∗ is crucial in particular
for long detection wavelengths where the cooling system has to
operate close to its limits. In order to achieve good noise equivalent
temperature difference (NETD), devices with high quantum efficiency
are generally desirable, in particular if short integration times are
needed. If high quantum efficiency is considered more important than
high TBLIP , then the doping density should be increased [15].

It is proportional to

In conclusion, by analyzing the influence of doping concentration
on background limited performance temperature of QWIPs, our
theory prediction shows that TBLIP increases monotonously with
decreasing carrier density, which is inconsistent with the generally accepted condition E F = kB TBLIP for maximum TBLIP . We
also find the optimal sheet concentration for maximum detectivity
at E F = 1.37kB T .



D ∗ ∝ ln 1 + exp



EF
kB T





EF
exp −
2kB T

(10)

which is consistent with the result of Gunapala et al [7]. As a
consequence, the numerical calculation predicts that the maximum
D ∗ exists at E F / kB T = ln{exp[W (−2/e2 )+2]−1} ≈ 1.37, where
W denotes Lambert W function [11].
In addition to the doping level, the doping profile also has impact
on the device performance [12]–[14]. A different doping profile
affects the ionized impurity scattering and involves an electrostatic
reconfiguration. Solving the self-consistent Poisson equation, we can
get a more accurate energy band profile. However, the condition
E F = 1.37 kB T should still remain valid.
The theoretically predicted dependence of D ∗ on the ratio
E F / kB T for the 9 μm QWIPs at 80 and 85 K is shown in Fig. 3.
Compared with the experimental results [8], both imply that there
is indeed an optimal doping to achieve the highest D ∗ if dark
current noise dominates. Our prediction E F /kB T = 1.37 is somewhat
different from the generally accepted relation E F /kB T = 2. The
amount of peak D ∗ is expected to decrease by 2.8% when the ratio
E F /kB T changes from 1.37 to 2. Using the new optimal condition
and Eq. (4), to achieve the maximum D ∗ , the desired sheet doping
concentration is Ndope = 3.84 × 109 (cm−2 K−1 ) × T (K) for the
GaAs/Alx Ga1−x As system, where T is the operating temperature of
QWIPs.

IV. C ONCLUSION
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