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Van Hove singularities in intersubband transitions in multiquantum
well photodetectors
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Photocurrent spectra of quantum well infrared photodetector �QWIP� devices have been studied
over more than three orders of magnitude, revealing features which have been largely overlooked
before. Electric field assisted tunneling and, more surprisingly, Van Hove singularities at the
miniband edges are shown to play an important role in the low and high energy parts of the QWIP
photocurrent spectra, respectively. The photoresponse of QWIPs away from their peak responsivity
is found to be non-negligible ��1% in the 3–5 �m for a 8–12 �m detector�, which has to be taken
into consideration when optimizing multispectral devices. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2181647�
Multiquantum well infrared photodetectors �QWIPs� are
now a mature technology for large infrared focal plane
arrays.1–4 Among the main advantages of this technology,
one finds the possibility of multispectral detection, thanks to
stacked structures with different growth parameters.5 For this
purpose, it is very important to determine and understand the
photoresponse of QWIPs with great accuracy away from
their peak responsivity. Indeed, this will allow one to evalu-
ate the possible crosstalk between the signals originating
from different detected infrared bands �3–5 and 8–12 �m
for instance�. However, mainly because of experimental dif-
ficulties, very little effort has been devoted to measure and
modeling these off-band responsivities with sufficient dy-
namical range. In this letter, we describe an experiment �re-
ferred as Log spectra� which allows these measurements.
Thanks to the large dynamical range, these Log spectra show
that the off-band spectral responsivity of QWIPs is largely
influenced by quantum effects such as electric field assisted
tunneling for the low energy side and, rather unexpectedly,
by Van Hove singularities due to the quantum well periodic-
ity for the high energy side.

The QWIP detectors have been elaborated by Thales Re-
search and Technology laboratory. They consist in 40 GaAs
quantum wells, 5 nm thick with 35 nm Al0.26Ga0.74As barri-
ers. The structure was designed so that the first excited state
is quasibound in the well, for a responsivity peak at 8.5 �m.
The following results would nevertheless apply to bound-to-
extended transitions. Bound-to-bound transitions are more
complex because of additional phenomena, such as sequen-
tial tunneling.6 In order to determine the intrinsic spectral
responsivity of the QWIPs, 100 �m�100 �m mesas are de-
fined by reactive ion etching without any grating coupling.
The QWIP is mounted in a JANIS continuous flow helium
cryostat placed outside a Fourier-transform infrared spec-
trometer �FTIR�. This commercial FTIR �Bruker, Equinox
IFS55� produces either a reference spectrum �thanks to an
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internal reference detector with a known spectral response�,
or an external collimated beam of uniform intensity which is
used to illuminate the detector. The angle of incidence on the
sample may be adjusted from normal incidence to ±50°.7

The time-dependent signal delivered by the detector in re-
sponse to the time-varying interferogram is amplified �Kei-
thley 428� and sent to a series of passband filters to get rid of
noise. It is then sent to the spectrometer for Fourier transfor-
mation and normalization by the reference spectrum. The
transmission of the cryostat germanium window is taken into
account in our measurements.

Figure 1 shows the Log spectra of QWIPs for different
applied biases. For comparison purpose, the spectra are nor-
malized to their peak responsivities. This figure illustrates
the good dynamical range of our measurements since three
orders of magnitude are explored thanks to our low noise
experimental setup. The main features of the figures are the
following: First, the experiment confirms the non-negligible

FIG. 1. Experimental Log photocurrent spectra of typical QWIP samples for
different applied electric fields �1, 1.5, 2, 3 V�. Note the influence of the
electric field in the low energy part and the sharp features indicated by

arrows in the high energy part.

© 2006 American Institute of Physics7-1
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off-band response of the QWIP in the 3–5 �m window com-
pared to its resonance value �still 1% in the 3–5 �m range�.
This value, however, is likely to be attenuated using coupling
gratings. Second, the low energy side of the spectral re-
sponse is strongly affected by the applied electric field while
the high energy side shows little dependence. Finally, rather
sharp features are observed in the high energy part of the
spectra as indicated by arrows in Fig. 1. These features show
very little dependence on the applied bias. Apart from the
well documented sin2 � dependence of the QWIP
responsivity,8 no influence of the angle of incidence is ob-
served on these spectral features.

Concerning the low energy part of the Log spectra, the
displacement of the photocurrent cutoff points to electric
field assisted tunnelling �or Fowler-Nordheim effect�. This
mechanism has already been mentioned in the QWIP litera-
ture concerning the dark current,9 the escape probability
from quantum well,10,11 or the injection mechanism at the
injecting contact.12 However, this feature has not been
clearly identified in photocurrent spectra. As far as the high
energy part of the Log spectra is concerned, the spectral
features are reminiscent of Van Hove singularities. This will
be confirmed by the following theoretical model.

We have developed a simple model based on two main
ingredients: electric field assisted tunneling and Van Hove
singularities. Since we are interested in the spectral aspects
of the responsivity, we have not included the already well
known transport mechanisms such as electric field redistri-
bution in the QWIP structure or carrier injection at the block-
ing barrier.13,14 Indeed, these theoretical ingredients are pri-
mordial for describing the quantitative photoresponse of the
QWIP but bring little information on the spectral shape. The
photocurrent spectral shape is thus taken to be proportional
to the oscillator strength between the bound state and the
exited states with peak responsivity normalized to 1.

Since the features are not affected by the electric field,
we made the assumption that they are due to the quantum
well periodicity and not to any complex quantum effect call-
ing for a complete solution of the Schrödinger equation of
this complex structure under an applied electric field. This

FIG. 2. Comparison between the absorption spectrum of the QWIP calcu-
lated in a single quantum well �continuous line� and in a periodic QWIP
structure �dotted line�. The QWIP parameters are: 5 nm thick GaAs QW
with 35 nm Al0.26Ga0.74As barriers and broadening coefficient 
=5 meV.
quantum interference between the periodic quantum wells is
Downloaded 07 Mar 2006 to 144.204.16.1. Redistribution subject to A
known to be the basis of superlattice photodetectors—where
quantum well are coupled by tunneling15—but is generally
neglected in QWIP modeling. We have thus chosen a simple
Kronig-Penney model to describe the states in the quantum
wells.16

Let �n ,k�=un,k�z�eikz be the Bloch quantum state of wave
vector k in the nth band. The function un,k�z� displays the
periodicity of the QWIP structure, i.e., un,k�z+L�=un,k�z�
with L=b+d, where d and b are the quantum well and bar-
rier widths, respectively. Since a single level is bound in the
quantum wells, the n=1 state is the bound state while the
n�1 states are the free ones. The exact expressions of the
function un,k�z� and of the energy of the �n ,k� states �i.e.,
En�k�� can be found in text books, such as Expressions
�4.7.20� in Ref. 16. The momentum matrix element between
the bound state �1,k� and the excited state �n ,k�� is given by

p1,n�k,k�� = ��1,k�Ap̂z

m
�n,k�	� , �1�

where A is the infrared light vector potential, m the electron
mass and p̂z= �� / i��d /dz� is the momentum operator which
has to be used in periodic structures.8,15 A straightforward
calculation shows that

p1n�k,k�� = p1n�k�

=
A

m
� �


cell
u1,k�z� *

d

dz
un,k�z�dz���k,k�� , �2�

where � is the Kronecker symbol and � is the Planck con-
stant. The integral is evaluated over a single quantum well
period �cell�. The Fermi Golden Rule provides the probabil-
ity P�h�� of the electron excitation by the incident photon
flux of energy h�, P�h��= �2� / � �p1n�k�2	�E1+h��, where
	�E� is the density of states in the periodic structure. The
absorption spectrum is then the convolution of the excitation
probability P�h�� with a Lorentzian line shape of broadening
parameter 
. In order to illustrate the importance of the QW
periodicity, we compare in Fig. 2 this absorption spectrum
calculated by our Kronig-Penney approach with that ob-
tained using expression �10� in Ref. 17 which neglects this
periodicity. The used QWIP parameters are 5 nm thick GaAs

FIG. 3. Comparison between an experimental QWIP Log spectrum �con-
tinuous line�, the theoretical absorption �dashed line�, and the theoretical
photocurrent spectra �dotted line� taking into account the electric field as-
sisted tunneling effect �see inset�.
QW with 35 nm Al0.26Ga0.74As barriers and 
=5 meV. The
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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VV
figure clearly shows the Van Hove singularities at the mini-
band edges.

The low energy part of the photocurrent spectrum is ob-
tained by requiring that electrons photoexcited below the
barrier energy VB may tunnel through the electric field trian-
gular barrier using the Fowler-Nordheim transmission coef-
ficient �see expression �4� in Ref. 9 for instance�. Figure 3
shows the comparison in the low energy part between the
theoretical absorption, the photocurrent, and an experimental
Log spectrum, respectively. The agreement is convincing and
the influence of the Fowler-Nordheim effect is clearly illus-
trated. Photons with energy below the ionization threshold
VB−E1 �see inset of Fig. 3� are absorbed but do not yield a
photocurrent in the absence of an electric field: This leads to
a cutoff in the photocurrent spectrum compared to the ab-
sorption one. This cutoff is gradually moving toward lower
energy with the increasing electric field �Fowler-Nordheim
effect� which explains the low energy features of Fig. 1.

Figure 4 shows the comparison between an experimental
Log spectrum and our theoretical model, taking into account
both Fowler-Nordheim and Van Hove singularities effects.
The overall agreement is rather good, particularly concerning
the position of the Van Hove singularities. However, two
points raise questions: First, there is still an important quan-
titative discrepancy between our theoretical model and the

FIG. 4. Comparison between an experimental Log spectrum �continuous
line� and our theoretical model taking into account the electric field assisted
tunneling effect and the Van Hove singularities at the miniband edges �dot-
ted line�.
Downloaded 07 Mar 2006 to 144.204.16.1. Redistribution subject to A
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experimental Log spectra on the high energy side. This dis-
crepancy is most certainly due to different contributions such
as �i� band nonparabolicity and �ii� energy dependent mobil-
ity of the free carriers. The second point is the rather low
value of the determined broadening coefficient 
. Indeed, the
rather sharp features observed in the Log spectra are com-
patible with a value of 5 meV but not with the usual value of
10 meV.

In conclusion, photocurrent spectra of QWIP devices
have been studied over more than 3 decades. These Log
spectra reveal features which have been largely overlooked
before. Electric field assisted tunneling and Van Hove
singularities—somewhat reminiscent of quasibound states
observed by Capasso et al. in electron Fabry-Pérot type
structures18—are shown to play an important role in the low
and high energy parts of the QWIP photocurrent, respec-
tively. The off-band photoresponse is found to be non negli-
gible ��1% in the 3–5 �m for a 8–12 �m detector� but
smaller than expected by the theory.

The authors are indebted to the TRT Thales team �Ph.
Bois, E. Costard� for providing the QWIP samples.
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