www.czasopisma.pan.pl P N www.journals.pan.pl
N

Opto-Electronics Review 27 (2019) 219-223

journal homepage: http://www.journals.elsevier.com/opto-electronics review

Contents lists available at ScienceDirect

Opto-Electronics Review

OPTO-ELECTRONICS
REVIEW

Concepts of infrared and terahertz photodetectors based on vertical graphene
van der Waals and HgTe-CdHgTe heterostructures

M. Ryzhii®*, T. Otsuji®, V. Ryzhii?%-¢ V. Aleshkin’, A. Dubinov’, V.E. Karasik¢,

V. Leiman¢, V. Mitin, M.S. Shur ™!

a Department of Computer Science and Engineering, University of Aizu, Aizu-Wakamatsu 965-8580, Japan

b Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan

¢ Institute of Ultra-High Frequency Semiconductor Electronics of RAS, Moscow 117105, Russia
d Center for Photonics and 2-D Materials, Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia
e Center for Photonics and Infrared Technology, Bauman Moscow State Technical University, Moscow 105005, Russia

f Institute for Physics of Microstructures of RAS, Nizhny Novgorod 603950, Russia

& Department of Electrical Engineering, University at Buffalo, Buffalo, NY 14260, USA

h Department of ECS Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA
1 Electronics of the Future, Inc., Vienna, VA 22181, USA

ARTICLE INFO ABSTRACT

Article history:
Received 20 December 2018
Received in revised form 23 April 2019

potential.
Accepted 2 June 2019

Keywords:
Graphene
HgTe-CdHgTe
Quantum well
Photodetector
Infrared
Terahertz

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
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1. Introduction

The gapless energy spectrum of graphene layers (GLs) enables
the interband detectors of infrared (IR) and terahertz (THz) radia-
tion (see, for example, [1-5]). The GL-based van der Waals (vdW)
heterostructures [6-8] have been used for the realization of the GL-
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based IR photodetectors (PDs) with the improved characteristics.
There are several review papers on graphene-based PDs [9-11]. The
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
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Fig. 1. Schematic view of IS-QWIP (a) and IB-GLIP (b) structures. Wavy arrows indicate the directions of the radiation propagation.
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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-
tion band in the QWIP and from the valence band in the GLIP. Solid and dashed lines
correspond to the electrons propagating in the continuum states above the barriers
and those captured in the bound states, respectively.

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

2. Device model

Figure 1 shows the structures of the IS-QWIP (with grating pro-
viding the coupling of the incident radiation and the electrons in
the QWs) and the IB-GLIP [16-18,20]. Figure 2 demonstrates the
structure of the band diagrams of CdHgTe IS- and IB-QWIPs [19].
Figure 3 demonstrates the structure of the IB-QWIP and IB-GLIP
both sensitive to the normally incident radiation.

The operation of the PDs under consideration is associated with
the following. The infrared radiation photoexcites the electrons
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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 A¢; 100-200 meV, can be particularly useful as the bar-
rier materials. The quantity Aqy 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 R,, = j?1°° /hwl and the dark current limited detec-

tivity D, = R,,/+/4egjdark, where jPM°° and jéak 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].
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1
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Fig. 3. Schematic view of the IB-QWIP structure (a) and its band diagram (b).
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Fig. 4. Spectral characteristics of IB-GLIPs with the barrier height A, =0.1eV (a) and A, =0.25 eV (b) for different donor and acceptor densities in the barriers X, and five

undoped GLs (their Fermi energy ¢, =0) at T=100K.
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Fig. 5. The normalized IB-GLIP detectivity vs. temperature T at the barrier height A, =0.1 eV, undoped barriers and different Fermi energies ¢¢; for different photon energies

(a) hw =0.1eV and (b) aw =0.2 eV.
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Fig. 6. The interband absorption coefficient 8, as a function of the photon energy #w in HgTe-Cd,Hg;-,Te heterostructures with (a) x=0.27 and width of the QW d=2.2 and

1.7nm at T=77 K and (b) x=0.27 and width of the QW d=3.2 and 2.5 nm at T=200K.

3. Photodetector characteristics

Figure 4 shows the IB-GLIP responsivity R,, as a function of the
photon energy calculated for two values of the energy barrier Ag; at
the GL - barrier material interface. As seen, the IB-GLIPs with chosen
Ag. can exhibit rather high responsivities in the photon energy
range from the THz to mid-IR. The plots in Fig. 4 demonstrate that
the IB-GLIP spectral characteristics can be effectively modified not
only by the selection of the value A (i.e., by selection of the barrier
material with the proper band alignment [22]), but also by doping

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

The typical values of this parameter are D*~5 x (10%—
10%)cmv/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}, > 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 Cdy3Hgo;Te IB-QWIP responsivity as a function of the photon energy xaw for different number of the QWs N at temperature T =200 K: the QW width d and capture

probability p. are: (a) d =3.2nm and p. =0.36% and (b) d =2.5 nm and p. =0.58%.

30_' T I T I T l T

- (a)

< —
300 K
0 . I | I
0.05 0.1 0.15 02 025

Photon energy, ho (eV)

00.05 0.1 015 02 025
Photon energy, ho (eV)

Fig. 8. Ratios of (a) the responsivities and (b) detectivities of IB-GLIPs and IS-QWIPs vs. the photon energy xw for different temperatures T: Ag, =0.125 eV and the hole Fermi

energy g =0.075 eV at average electric field E=100V/cm.

threshold behaviour. Its two-step increase with increasing photon
energy is due to the split of the hole subbands. Figure 7 shows the
IB-QWIP responsivity vs. photon energy calculated for the device
structures with different number of the QWs N. A modest increase
in the responsivity with increasing number of the QWs is com-
mon for the PDs (including the IB-GLIPs, IB-QWIPs, and IS-QWIPs)
based on vertical heterostructure exhibiting a sufficiently strong
photoelectric gain.

Figure 8 compares the IB-GLIP and IS-QWIP responsivities and
detectivities. This figure demonstrates that both responsivity and
detectivity of the IB-GLIPs (being close to those in IB-QWIPs) can
markedly exceed those of the IS-QWIPs. This is attributed to a much
higher IB absorption coefficient than the IS absorption coefficients.

The comparison of the responsivity of the IB-GLIPs and IB-QWIPs
with the responsivity of the IS-QWIPs based on the III-V QWSs shows
markedly higher values of the latter. This is due to smaller values of
the capture probability in the IB-GLIPs and IB-QWIPs in comparison
with III-V QWIPs [23]. The latter is associated with the dependence
R, 1/p.

4. Conclusions

We considered the operation of the IB-GLIPs and IB-QWIPs and
presented their characteristics. These infrared (or terahertz) PDs
can exhibit the elevated performance surpassing that of the IS-
QWIPs. This is due to higher efficiency of the interband processes
than the intersubband processes and smaller electron capture prob-
ability in the IB-GLIPs and IB-QWIPs.
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