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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 Er = kpTgpip, our theoretical
prediction shows that lower doping densities should slightly increase
the BLIP temperature Tgpjp taking into account the temperature
dependence of the Fermi energy Ef, a factor neglected in the previous
analyses. Numerical modeling results are used to reinterpret the reported
Tgrip measurements for a series of QWIPs of typical design for
9 um 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
Efr = 1.37 kgT, a revision to the previous Er = 2 kT condition.

Index Terms—Quantum well infrared photodetectors (QWIPs),
background limited performance (BLIP) temperature, doping density,
detectivity.

I. INTRODUCTION

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 o, quantum efficiency #, optical gain g, dark
current Iq,k, detectivity D* and background limited performance
(BLIP) temperature [1], [2], [7], [8]. The following statement is
generally accepted: to achieve highest BLIP temperature (7gpip)
and maximum D¥*, the optimum Fermi energy Er and hence the
doping density is given by the conditions Ep = kgTgLp and Ef =
2kgT, respectively [1], [2], [7], [8]. However, the approximation of
T-independent EF is no longer valid for elevated temperatures even
in the cryogenic temperature regime. To analyze the Tgpp depen-
dence on EF, 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 7gpp and implies that Ty ip
will increase slightly with decreasing doping density. The reported
experimental results are consistent with our calculated 7Ty p values.
In addition, based on the same general expression of the Fermi energy,
we predict the optimum sheet doping concentration at Eg =1.37 kgT
to achieve maximum detectivity.

II. ANALYSIS

The total current through a photodetector is composed of dark cur-
rent Igark and photocurrent /ph. Both signal and background radiation
can excite photocurrent and the latter is usually relatively high for
infrared detection. The BLIP temperature 7y 1p 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

3
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where e is electron charge and A is detector area, /i is the reduced
Planck constant, kg is the Boltzmann constant, Vgip(F) is the
electron average drift velocity in the barrier region which depends on
electric field F, mz is the barrier effective mass, 7' is temperature,
Eact 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
Eact = Vo—EF. The background photocurrent Iph b is given by the
standard expression
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where 7 is the absorption quantum efficiency, ®pg is the photon
number flux of background radiation, N is the number of quantum
wells (QWSs), zcap is the electron capture time into the well and Ly 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 zcap.

Using the 3D carrier drift dark current model, Tgyp is obtained
from the following relationship [2] by equating (1) and (2),
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where ¢ is the light speed, / is the Planck constant, n(l) is the
absorption quantum efficiency for one well and 4 is the cutoff
wavelength of detector. Er depends on both the temperature and
the 2D carrier concentration [8], [10] in the well Nop

Nop = ™ kgTn | 1+ exp (-ZE )
= n exX
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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 Ep ignoring temperature
effect is plotted using a dashed line, while the Ef 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. Ef is referenced to the ground
state energy E1. If Ep/ kgT >>1 is valid, we get the approximation
wh?
Erp = —Np &)
m

in which the temperature variation is ignored for simplicity. ;7(1) is
proportional to Npp taking into account the impact of the spectral
broadening [7], [10], n(l) = kNpp/0E, where x represents the pro-
portionality coefficient which is related to QW structure parameters,
OF 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 Nop, which thus yields 17(1) ~ EF.
In previous analyses, combining Eq. (3) with Eq. (5), TgLIp is

determined by solving the following transcendental equation
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One can adjust the ratio Ep/kgT to maximize the left-hand side of
Eq. (6), so that the trend of Tgpp is related to a function of the
ratio Ep/kgT. Under this approximation, the ratioEr/kg7T can be
used as an adjustable parameter, Ty p reaches its maximum value
at Erp/kgT = 1. From the above discussion the generally accepted
conclusion is that Er = kg TgL1p is the optimal doping for maximum
TgLip-

The optimal doping is characterized in terms of the ratio
Er/kgT, based on the assumption that Ef is proportional to Nop
for simplicity. However, is the assumption of temperature independent
EF a good approximation for realistic QWIPs? Considering n-doped
GaAs/AlxGaj_xAs quantum well structures, Fig. 1 compares the
temperature dependent and independent Fermi energy approaches as
a function of the 2D carrier concentration. The Ef which ignored
the temperature effect is plotted using a dashed line, while the Eg
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
Nop < 4 x 1011 cm—2, EF values become temperature dependent
and show significant nonlinear dependence on Npp. The nonlin-
earity is even more pronounced for decreasing carrier concentra-

3
Eg Eg (OE)Lp(mf)?
—exp|l— ) =

kgT P kgT TcapPbghk

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 50, NO. 1, JANUARY 2014

tion. Only in the regime Nop > 5 x 10U cm™2, the difference
between the Ef values raised by the 7T-independent model can be
neglected. The approximation of 7-independent EF is not satisfied
for realistic carrier concentrations in cryogenic temperature regime.
Therefore, the previous characterization on 7T -independent Ef cannot
accurately reflect the relationship between the Tgpp and the carrier
concentration.

Assuming a complete ionization of the donors, the nonlinear
dependence of Ep on doping density cannot be ignored in the
operation temperature regime of QWIPs. In order to derive a more
general and precise Tgpjp dependence involving temperature effects
on Ef, Eq. (6) should be replaced by

E E
In [1 + exp (k—};>] exp (—k—FT>
B B

3 1
_ (OE)Lp(m{)? ( kgT \2 he
- (2m2) xp (_ikBT> @

Teap Pogmi

in which the right-hand side is the same. The trend of Tgpip
is determined by the competition between photocurrent and dark
current. The ratio Ep/kgT 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 x exp (Ep/kgT) in the region of “low” Egr/kgT, i..,
Ep/kgT << —1. This implies that Tgpp will slightly increase
with decreasing carrier concentration. However, reducing the doping
level to achieve higher Ty ip leads to reduced absorption, which is
undesirable for the detector performance.

III. RESULTS AND DISCUSSION

We present a numerical calculation to reinterpret the previous
experimental results. For a typical QWIP, accounting for the carriers
distributed above the barrier, EF is determined by the following

Nope = /0 pap () f(e)de + Ly /
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where Ngope is the equivalent sheet doping density in the well,
Vp is the barrier height, f(¢) is the Fermi-Dirac distribution function,
D = m/(nhz) is the 2D density of states in the well and p3p 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 um cutoff wavelength
had a measured peak wavelength of about 8.9 um. The samples
had nominally identical QW parameters but different doping den-
sities in the well with 2D equivalent doping densities ranging from
2 x 101! t0 8 x 10'! 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 EF are calculated from Eq. (7). Assuming Ngope
ranges from 5 x 1010cm=2 t0 1 x 10'2 cm™2, for 9 um peak wave-
length QWIPs with z/2 FOV and for 300 K background radiation,
the numerically modeled 7y p are shown as a function of the ratio
Er/kgT and the sheet doping density in Figs. 2(a) and 2(b), respec-
tively. T 1p values as obtained using a 7-independent Ef are shown
in Fig. 2(b) for comparison. The Ty 1p values predicted by the two
models differ by 1.2 K at 2 x 10 ¢m~2 and by as much as 2.7 K
at 1 x 101! cm™2. The experimental Tgy jp results from Ref. [8] are
also plotted in Figs. 2(a) and 2(b) as a function of the corresponding
ratio Ep/kgT and doping density, respectively. The theoretical
values of Tprip using 7T-dependent Ef are in good agreement
with the experimental results. Both the theoretical modeling with
T-dependent Ef and the measurements show that 7gy jp will increase
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Fig. 2.  Calculated Tgpjp for 9 um QWIPs as a function of (a) ratio
EfplkpT using T-dependent Ep (up triangles) and (b) sheet doping density
using T-independent Ef (circles) and T-dependent Ep (down triangles),
with 7/2 FOV and for 300 K background radiation. The measured Tgpp
(solid squares) are taken from Ref. [8].

with decreasing doping. The present theory contradicts the previous
prediction Ep/kgT = 1 (in this case equivalent doping density
23 x 101! cm_z) for the optimal condition to achieve the highest
TgLip-

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 Af of the measurement, i.e., D* = R(AAf)l/Z/inoise,
where R is the responsivity and ipgise is the current noise of
the detector. Using the expressions ingise = (4elqak&Af) 172 and
R = e(Mhc)ng, where g is the gain, D* is written as
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which is consistent with the result of Gunapala er al [7]. As a
consequence, the numerical calculation predicts that the maximum
D* exists at Eg/ kT = ln{exp[W(—Zlez)—l—Z]—l} ~ 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
Er = 1.37 kg T should still remain valid.

The theoretically predicted dependence of D* on the ratio
Ep/ kgT for the 9 um 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 Ep/kgT = 1.37 is somewhat
different from the generally accepted relation Ep/kgT = 2. The
amount of peak D* is expected to decrease by 2.8% when the ratio
Ep/kgT 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 Ngope = 3.84 X 10° (cmfszl) x T(K) for the
GaAs/AlxGaj_xAs system, where T is the operating temperature of
QWIPs.
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Fig. 3. Theoretically predicted detectivity dependence of the ratio

Ep/kgT for a typical 9 um 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.

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 cryo-
cooler. 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 Tgy 1p, then the doping density should be increased [15].

IV. CONCLUSION

In conclusion, by analyzing the influence of doping concentration
on background limited performance temperature of QWIPs, our
theory prediction shows that Tgpp increases monotonously with
decreasing carrier density, which is inconsistent with the gener-
ally accepted condition Efp = kgTgrrp for maximum 7gpp. We
also find the optimal sheet concentration for maximum detectivity
at Ep = 1.37kgT.
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