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We  review  recently  proposed  concepts  of  infrared  and  terahertz  photodetectors  based  on  graphene  van
der Waals  heterostructures  and  HgTe-CdHgTe  quantum  well  heterostructures  and  demonstrate  their
potential.
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. Introduction based IR photodetectors (PDs) with the improved characteristics.
There are several review papers on graphene-based PDs [9–11]. The
The gapless energy spectrum of graphene layers (GLs) enables
he interband detectors of infrared (IR) and terahertz (THz) radia-
ion (see, for example, [1–5]). The GL-based van der Waals (vdW)
eterostructures [6–8] have been used for the realization of the GL-

∗ Corresponding author.
E-mail address: m-ryzhii@u-aizu.ac.jp (M.  Ryzhii).

ttps://doi.org/10.1016/j.opelre.2019.06.002
230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
competing technology is HgTe-CdHgTe quantum well (QW) PDs.
The recent progress in the fabrication of HgTe-CdHgTe QW het-
erostructures [12–15] has provided a further enhancement of the
CdHgTe photodetector technology. These two  technologies open

up new opportunities for IR and THz radiation detection.

In this paper, we review the concepts of novel IR and THz PDs
based on the vertical GL-based heterostructures using the inter-
band (IB) transitions in the GLs [16–18] and on the quantum-well

B.V. All rights reserved.
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Fig. 1. Schematic view of IS-QWIP (a) and IB-GLIP (b) structures. Wa

Fig. 2. Fragments of the band diagrams of IS-QWIPs (a) and IB-GLIPs (b). Wavy
arrows correspond to the excitation of an electron from the QW level in the conduc-
t
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ion band in the QWIP and from the valence band in the GLIP. Solid and dashed lines
orrespond to the electrons propagating in the continuum states above the barriers
nd those captured in the bound states, respectively.

gTe-CdHgTe heterostructures using both the IB [19] and intersub-
and (IS) transitions. We  also compare their characteristics.

. Device model

Figure 1 shows the structures of the IS-QWIP (with grating pro-
iding the coupling of the incident radiation and the electrons in
he QWs) and the IB-GLIP [16–18,20]. Figure 2 demonstrates the
tructure of the band diagrams of CdHgTe IS- and IB-QWIPs [19].

igure 3 demonstrates the structure of the IB-QWIP and IB-GLIP
oth sensitive to the normally incident radiation.

The operation of the PDs under consideration is associated with
he following. The infrared radiation photoexcites the electrons

Fig. 3. Schematic view of the IB-QWIP str
vy arrows indicate the directions of the radiation propagation.

from the QW bound states in the IS-QWIP conduction band and
from the valence band in the IB-QWIPs and IB-GLIPs to the excited
states above the barrier or near the barrier top (with the conse-
quent tunneling). In all these devices, the photoexcited electrons
propagate in the continuum state of the conduction band above
the barrier and reach the collector. A portion of these electrons
is captured back [see the dashed arrows in Figs. 2(a), (b), and
3(b)]. The competition between the processes of photoexcitation
and capture leads to the formation of the positive space charge
between the emitter and the collector. This space charge stim-
ulates the injection of the extra electrons from the emitter. The
injected current can substantially exceed the current created by the
photoexcited electrons (the effect of photoconductive gain), partic-
ularly, if the electron capture probability p is small [21]. The vdW
heterostructures with the barrier layers made of semiconducting
transition metal dichalcogenides with the electron affinities some-
what smaller than that in the GLs can be used for the GLIP under
consideration. The black phosphorus and black arsenic, in which
band offset �GL 1̃00–200 meV, can be particularly useful as the bar-
rier materials. The quantity �QW in the IS-QWIPs is determined by
the Cd content and the QW width d [19].

Using the device model which accounts for the processes men-
tioned above, we  calculated the photodetector characteristics, the
responsivity Rω = jphoto

ω /�ωI and the dark current limited detec-

tivity D∗
ω = Rω/

√
4egjdark, where jphoto

ω and jdark are the densities
of the photocurrent and dark current, respectively, I is the inten-
sity of incident radiation, e is the electron charge, g = 1/Np is the
photoconductive gain, and N is the number of the GLs and QWs  in
the device structures. These quantities were calculated using the
pertinent formulas obtained by us previously [16,17].

They are shown in the consequent figures. For the definiteness,

for the GLIPs we  set p = 0.01. The coefficient of the IB photon absorp-
tion in the GLs was  taken to be 2.3%. We  also used the IB absorption
coefficients calculated previously [19].

ucture (a) and its band diagram (b).
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Fig. 4. Spectral characteristics of IB-GLIPs with the barrier height �GL =0.1 eV (a) and �GL =0.25 eV (b) for different donor and acceptor densities in the barriers ˙B , and five
undoped GLs (their Fermi energy εGL = 0) at T = 100 K.

Fig. 5. The normalized IB-GLIP detectivity vs.  temperature T at the barrier height �GL =0.1 eV, undoped barriers and different Fermi energies εGL for different photon energies
(a)  �ω =0.1 eV and (b) �ω =0.2 eV.
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ig. 6. The interband absorption coefficient ˇω as a function of the photon energy �

.7  nm at T =77 K and (b) x = 0.27 and width of the QW d = 3.2 and 2.5 nm at T =200 K

. Photodetector characteristics

Figure 4 shows the IB-GLIP responsivity Rω as a function of the
hoton energy calculated for two values of the energy barrier �GL at
he GL - barrier material interface. As seen, the IB-GLIPs with chosen

GL can exhibit rather high responsivities in the photon energy

ange from the THz to mid-IR. The plots in Fig. 4 demonstrate that
he IB-GLIP spectral characteristics can be effectively modified not
nly by the selection of the value �GL (i.e., by selection of the barrier
aterial with the proper band alignment [22]), but also by doping
gTe-CdxHg1-xTe heterostructures with (a) x = 0.27 and width of the QW d = 2.2 and

of the GLs and the barriers. In particular, the dipole doping of the
barriers could be used. Figure 5 shows the temperature dependence
of the dark-current-limited detectivity, D∗

ω , of IB-GLIP at different
photon energies normalized by the characteristic detectivity D∗.

The typical values of this parameter are D∗∼5 × (104 −
105) cm

√
Hz/W or higher depending on the structural parameters.
As follows from Fig. 5, at sufficiently low temperatures the IB-GLIP
detectivity can be fairly high: D∗

ω � D∗.
Figure 6 shows the examples of the IB-QWIP heterostructure

absorption spectra. As seen, the absorption coefficient exhibits the
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Fig. 7. The Cd0.3Hg0.7Te IB-QWIP responsivity as a function of the photon energy �ω for different number of the QWs  N at temperature T =200 K: the QW width d and capture
probability pc are: (a) d =3.2 nm and pc = 0.36% and (b) d =2.5 nm and pc = 0.58%.
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ig. 8. Ratios of (a) the responsivities and (b) detectivities of IB-GLIPs and IS-QWIPs
nergy εGL =0.075 eV at average electric field E = 100 V/cm.

hreshold behaviour. Its two-step increase with increasing photon
nergy is due to the split of the hole subbands. Figure 7 shows the
B-QWIP responsivity vs.  photon energy calculated for the device
tructures with different number of the QWs  N. A modest increase
n the responsivity with increasing number of the QWs  is com-

on for the PDs (including the IB-GLIPs, IB-QWIPs, and IS-QWIPs)
ased on vertical heterostructure exhibiting a sufficiently strong
hotoelectric gain.

Figure 8 compares the IB-GLIP and IS-QWIP responsivities and
etectivities. This figure demonstrates that both responsivity and
etectivity of the IB-GLIPs (being close to those in IB-QWIPs) can
arkedly exceed those of the IS-QWIPs. This is attributed to a much

igher IB absorption coefficient than the IS absorption coefficients.
The comparison of the responsivity of the IB-GLIPs and IB-QWIPs

ith the responsivity of the IS-QWIPs based on the III-V QWs  shows
arkedly higher values of the latter. This is due to smaller values of

he capture probability in the IB-GLIPs and IB-QWIPs in comparison
ith III-V QWIPs [23]. The latter is associated with the dependence

ω 1̃/p.

. Conclusions

We  considered the operation of the IB-GLIPs and IB-QWIPs and
resented their characteristics. These infrared (or terahertz) PDs

an exhibit the elevated performance surpassing that of the IS-
WIPs. This is due to higher efficiency of the interband processes

han the intersubband processes and smaller electron capture prob-
bility in the IB-GLIPs and IB-QWIPs.
e photon energy �ω for different temperatures T: �GL =0.125 eV and the hole Fermi
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