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ABSTRACT

In the paper we study the possibility to control the frequency of the sub-THz source, based on the semiconductor
superlattice by means of optimal spatial distribution of the doping density. We propose the appropriate mathe-
matical model, which allows to describe the collective transport of charge in miniband semiconductor, where the
spatial profile of the equilibrium charge density is defined by function. As the example we consider the uniform
spatial distribution of doping density, contained local inhomogeneity, caused by local increase of density and
described approximately by Gaussian function. We show that such inhomogeneity being placed in different areas
of the transport region can affect the dynamics of charge domain, which, in turn, leads to increase (or decrease)
of the frequency of current oscillations.
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1. INTRODUCTION

Teraherz (THz) frequency range is now of the great research interest in the context of biophysical and biomedical
applications.1 This necessitates high quality sources, amplifiers and detectors operating in region of the spectrum.
In this context the semiconductor heterostructures represent themselves as the promising solution.2,3

The recent advances in the crystal growth technologies enabled high precision control of the properties of
the semiconductor heterostructures, which significantly improved the performance of the devices operated in
sub-THz/THz frequency range.4 This promoted the research aimed to optimize the devices design in order to
achieve the maximal output of power and frequency.5–11

In this respect one of the related task is the analysis of the impact of the profile of doping density on the
output characteristics. For example, it was shown that some semiconductor devices, e.g. the Gunn diodes, with
the linearly graded doping profiles were shown to demonstrate better performance in power, as compared to the
devices with a uniform doping.12 More complicated configuration of the doping densities may contain a notch,
caused, by a thin undoped epitaxial layer between the heavily n-type doped cathode contact and the uniformly
n-type doped active transport region. It was found out that such doping profile can lead to a drastic increase of
the output power.13

In this paper we consider another class of semiconductor structures, namely semiconductor superlattices
(SLs).14 These structures are now of the great research interest from the viewpoint of the prospective application
for the microwave generation and amplification in sub-THz/THz frequency range.15–18 It was shown that the
electric field, applied to the superlattice, can lead to a spatio-temporal instability,19–21 which results in formation
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of the areas with high electron density (charge domains) propagating along the superlattice.22–25 It was shown
that the moving charge domains are able to generate current oscillations with the frequency up to several hundred
GHz.26,27

The interest to the practical applications of SLs in sub-THz/THz electronics gave rise to the scientific re-
searches aimed to the revealing of the new physical principles of the control and improvement of the output
characteristics. In this respect the effect of external circuits, fields, contacts, and load lines on charge transport
in SLs 28–30 was studied. Moreover, the possibility to control the charge transport properties of the SL and Gunn
devices by manipulation of the emitter boundary condition was discussed in.31–34 The effects of the doping in the
transport region on DC current and electric stability in miniband SLs according to the conventional NL-criterion
35,36 was theoretically studied in Ref.37 In the recent paper38 we studied the collective spatio-temporal dynamics
of the charge carriers in the GaAs-AlGaAs semiconductor superlattice with the ohmic emitter and collector and
described, how the collector dopping density affects the output power of sub-THz current oscillations in the
semiconductor superlattices.

Along with the control of the power, control of the frequency of the output oscillations remains very important
and less studied. According to this, in the current paper we consider the features of the spatial distribution of
the doping density as the factor that affects domain propagation and hence the frequency of the output current
oscillations.

2. NUMERICAL MODEL UNDER STUDY

The collective dynamics of the charge carriers in the wide range of semiconductors, including TED devices and
miniband superlattices is described by the set of one-dimensional (1D) hydrodynamical equations, which includes
Poisson equation

∂F ′

∂x′ =
e

ε0εr
(n′ − n′

D). (1)

and the current continuity equation
∂n′

∂t′
= −1

e

∂J ′

∂x′ (2)

Here n′(x′, t′), F ′(x′, t′), J ′(x′, t′) are, respectively, the volume electron density, electric field and current density,
x′ and t′ — the space coordinate and time, e > 0 — the electron charge, n′

D = 3×1022 m−3 — the n-type doping
density in the SL transport region, ε0 and εr = 12.5 are the absolute and relative permittivities, respectively.

In analytical and numerical studies, it is more convenient to consider the dimensionless analogues of the
equations (1) and (2), which can be written in form

∂F

∂x
= ν(n− 1) (3)

and
∂n

∂t
= −β

∂J

∂x
, (4)

respectively. In Eqs. (3) and (4) β = 0.031, ν = 15.769 play the role the dimensionless control parameters. The
dimensionless variables are connected with the dimension ones as

x = x′/L′, t = t′/τ ′, n = n′/n′
D,

J = J ′/(en′
Dv′0), F = F ′/F ′

c, F ′
c = h̄/(ed′τ ′),

β = v′0τ
′/L′, ν = L′en′

D/(F ′
cε0εr),

(5)

where d′ = 8.3 nm and L′ = 115.2 nm are the period and the length of the superlattice, ∆′ = 19.1 meV is the
miniband width, e > 0 — the electron charge, F ′

c = 3.1725× 105 V/m — normalization value of the electric
field, The quantity

v′0 = δ
∆′d′

2h̄

I1(Θ)

I0(Θ)
(6)
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determines the maximal possible value of the dimensionless drift velocity, where Θ = ∆′/(2k′BT
′), I0,1(x) are

the modified Bessel functions of the first kind. Parameters δ = [τ ′e/(τ
′
e + τ ′i)]

1/2 and τ ′ = δτ ′i characterize the
scattering and depend on the elastic τ ′e and inelastic τ ′i scattering times. In our study we have used τ ′ = 250 fs,
δ = 1/8.5. Here and hereafter the values of the dimension quantities taken from the recent experiments?,? have
been used.

Within the drift approximation, if there is no external magnetic field and the temperature is close to zero
(i.e., T ′ ≈ 0 K) the current density is

J = nvd(F ). (7)

In the miniband semiconductors, in case, when the external magnetic field is absent, according to the semi-
classical approach the drift velocity vd of miniband electrons follows the variation of the electric field F according
to the Esaki-Tsu formula

vd(F ) =
F

1 + F 2
. (8)

The dimensionless voltage USL = U ′
SL/(F

′
cL

′) applied to the superlattice is a global constraint given by

USL =

1∫
0

F dx, (9)

where integration is performed over the dimensionless length of the system under study.

In order to determine the dimensionless current density in the heavily doped emitter contact with the electrical
conductivity σ′, which according to the recent experiment σ′ = 3788 Sm−1 we have used Ohmic boundary
conditions

J(0, t) = sF (0, t), (10)

where s = σ′F ′
c/(en

′
Dv′0) = 17.6511 is the dimensionless control parameter corresponding to the electrical con-

ductivity of the emitter contact.

In order to analyze the effect of doping density we rewrite Poisson equation on form

∂F

∂x
= ν(n−Q(x)), (11)

where Q(x) - Gaussian function, which defines the spatial heterogeneity of the equilibrium volume electron
density

Q(x) = 1 + Exp(−x− x∗
2Ø2

) (12)

Here x∗ specifies the position of the center of the peak, and Ø controls the width of the “bell”.

3. RESULTS AND DISCUSSION

The results of the numerical simulations are shown in the Fig. 1. In Fig. 1, a one can see the the dependencies
of the output frequency on the location of the heterogeneity, obtained for the Gaussian type heterogeneity with
the different width, defined by the value of Ø through Eq. 12. In the current paper we consider heterogeneities
of two different width as illustrated in Fig. 1, b,c, respectively. Along with the different width, for each type of
heterogeneity we consider three different locations, namely, x∗

1 = 0.25, x∗
2 = 0.25, x∗

3 = 0.25 (see profiles 1, 2, 3
in Fig. 1, b, c).

Considering Fig. 1, a one can see that the maximal frequency of the current oscillations is achieved for the
small width of heterogeneity, in case, if latter locates closer to right-hand side of the structure. Having analyzed
the spatio-temporal dynamics of charge one can see, that in case, if x∗ = x∗

1 the domain appears in the vicinity
of the heterogeneity (Fig. 1, d). When the value of x∗ increases, the area of the domain formation becomes close
to the right-hand side of the sample, which, in turn, causes the minimal time, which the domain spends on order
to travel through the structure (Fig. 1, e – f ).
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Figure 1. (a) dependencies of the frequency of output current oscillations on the location of heterogeneity, obtained for
the heterogeneities of different width; (b, c) the spatial distributions of the equilibrium volume electron density, contained
heterogeneity, caused by local increase of charge density, described by Gaussian function (12); (d-i) spatio-temporal
dynamics of charge, corresponded to different location (each row) and width (each column) of the heterogeneity. Left
column (d-f ) corresponds to the small width of the heterogeneity (see panel (b)), right column (g-i) — to the high width
of the heterogeneity (see panel (c))

In case of the high width of the heterogeneity the area of the domain formation becomes close to the right-
hand side of the structure similarly to the case, considered above. At the same time, the high amount of charge
carriers in this area leads to the formation of the additional domains (Fig. 1, h, i). It can be seen from Fig. 1, h,
that appearance of such domains affects the trajectory of the main domain and results in the decrease of its
velocity. As the result, the frequency of output oscillations decrease for x∗ = X∗

2 and for the high width of the
heterogeneity (Fig. 1, h). According to Fig. 1, i the further increase of the x∗ results in the decrease of the time,
for which the additional domain exists. In this case the frequency of the current oscillations starts to increase
(Fig. 1, i).

4. CONCLUSION

We have considered the spatial profile of the equilibrium volume density of the charge carriers in miniband
semiconductor superlattice as the factor which affect the transport of electron domain and, by this, the frequency
of the output oscillations in sub-THz frequency band. It has been found that the spatially inhomogeneous profile,
namely, contained the local increase of doping density, can result either in increase, or decrease of the frequency,
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depending on the location and dimensions of the heterogeneity. As the example we have demonstrated the change
of the output frequency in the range 35 GHz — 50 GHz for the miniband GaAs superlattice, considered in recent
experiments.39 We believe that the same phenomena can be observed in the wide class of the structures,
where the charge carriers exhibit the negative differential drift velocity e.g. strongly-coupled semiconductor
superlattices, Gunn devices, the silicon-based structures with natural superlattice, which are of the great interest
as the prospective sources for sub-THZ and THz radiation. The obtained results, being taken into account at the
design stage of the electronic devices, may cause the significant improve of its frequency characteristics, which,
in turn, has the important meaning for the possible biophysical applications.40,41

5. ACKNOWLEDGMENTS

The development of the mathematical model which allows to describe the collective transport of charge in mini-
band semiconductor has been supported by the Russian Foundation for Basic Research (Grant 16-32-60059).
The modification of mathematical model for which the spatial profile of the equilibrium charge density is defined
by function, the optimization of the spatial distribution of the doping density, and analysis of frequency charac-
teristics of microwave generation has been supported by the Russian Science Foundation (Grant 14-12-00222).

REFERENCES

[1] Yang, X., et al., “Biomedical Applications of Terahertz Spectroscopy and Imaging,” Cell 304, 10, 810 (2016).

[2] Khanal, S., et al., “High-temperature operation of broadband bidirectional terahertz quantum-cascade
lasers,” Scientific Reports 6, 32978 (2016).

[3] Feiginov, M., et al., “Operation of resonant-tunneling diodes with strong back injection from the collector
at frequencies up to 1.46 THz,” Applied Physics Letters 104, 243509 (2014).

[4] Schmidt, J. C., et al., “Electric field distribution in biased GaAs microstructures with field-pinning layers,”
Superlattices and Microstructures 52, 1143 (2012).

[5] Tekavec, P. F., Kozlov, V. G., “High power THz sources for nonlinear imaging,” AIP Conf. Proc. 1581,
1576 (2014).

[6] Kashiwagi, T., et al., “Computed tomography image using sub-terahertz waves generated from a high-Tc
superconducting intrinsic Josephson junction oscillator,” Appl. Phys. Lett. 104, 082603 (2014).

[7] Lu, Q. Y., et al., “Continuous operation of a monolithic semiconductor terahertz source at room tempera-
ture,” Appl. Phys. Lett. 104, 221105 (2014).

[8] Balanov, A. G., Greenaway, M. T., Koronovskii, A. A., Moskalenko, O. I., Selskii, A. O., Fromhold, T.
M., Hramov, A. E., “The effect of temperature on the nonlinear dynamics of charge in a semiconductor
superlattice in the presence of a magnetic field,” JETP. 114, 836-840 (2012).

[9] Eisele, H., Haddad, G. I., “Two-terminal millimeter-wave sources,” IEEE Transactions on Microwave Theory
and Techniques 46, 739 (1998).

[10] Eisele, H., Rydberg, A., Haddad, G., “Recent advances in the performance of InP Gunn devices and GaAs
TUNNETT diodes for the 100-300-GHz frequency range and above,” IEEE Transactions on Microwave
Theory and Techniques 48, 626 (2000).

[11] Makarov, V. V., Maksimenko, V. A., Khramova, M. V., Pavlov, A. N., Hramov, A. E., “THz-range gen-
eration frequency growth in semiconductor superlattice coupled to external high-quality resonator,” Proc.
SPIE. 9707, 970713 (2016).

[12] Eisele, H., Kamoua, R., “Submillimeter-wave InP Gunn devices,” IEEE Transactions on Microwave Theory
and Techniques 52, 2371 (2004).

[13] Kamoua, R., “Heterojunction cathode injectors for D-band InP Gunn devices,” Solid-State Electronics 38,
269 (1995).

[14] Esaki, L., Tsu, R., “Superlattice and Negative Differential Conductivity in Semiconductors,” IBMJ. Res.
Develop. 14, 61 (1970).

[15] Shik, A. Y., “Superlattices as periodic semiconductor structures,” Fiz. Tekh. Poluprovodn. 8, 1841 (1974).

[16] Tsu, R., Superlattices to Nanoelectronics, Elsevier, Amsterdam (2005).

Proc. of SPIE Vol. 10063  100631I-5

Downloaded From: http://proceedings.spiedigitallibrary.org/pdfaccess.ashx?url=/data/conferences/spiep/91834/ on 03/07/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



[17] Lei, X., et al., “Optimizing biased semiconductor superlattices for terahertz amplification,” Appl. Phys.
Lett. 105, 062112 (2014).

[18] Bonilla L. L., lvaro M., Carretero M., “Spatially confined Bloch oscillations in semiconductor superlattices,”
EPL 95, 47001 (2011).

[19] Butiker, M., Thomas, H., “Current Instability and Domain Propagation Due to Bragg Scattering,” Phys.
Rev. Lett. 38, 78 (1977).

[20] Selskii, A. O., Koronovskii, A. A., Hramov, A. E., Moskalenko, O. I., Alekseev, K. N., Greenaway, M. T.,
Wang, F., Fromhold, T. M., Shorokhov, A. V., Khvastunov, N. N., Balanov, A. G., “Effect of temperature
on resonant electron transport through stochastic conduction channels in superlattices,” Phys. Rev. B 84,
235311 (2011).

[21] Maksimenko, V. A., Makarov, V. V., Koronovskii, A. A., Hramov, A. E., “Analysis of the Stability of States
of Semiconductor Superlattice in the Presence of Tilted Magnetic Field,” Technical Physics 61, 317323
(2016).

[22] Balanov, A. G., Koronovskii, A. A., Moskalenko, O. I., Selskii, A. O., Hramov, A. E., “Space Charge
Dynamics in a Semiconductor Superlattice Affected by Titled Magnetic Field and Heating,” Physics of
wave phenomena 24, 2 103-107 (2016).

[23] Ridley B. K., “Specific negative resistance in solids,” Proc. Phys. Soc. 82, 954 (1963).

[24] Koronovskii, A. A., Hramov, A.E., Maksimenko, V.A., Moskalenko, O.I., Alekseev, K.N., Greenaway, M.T.,
Fromhold, T.M., Balanov, A.G., “Lyapunov stability of charge transport in miniband semiconductor super-
lattices,” Phys. Rev. B. 88, 165304 (2013).

[25] Selskii, A. O., Hramov, A. E., Koronovskii, A. A., Moskalenko, O. I., Balanov, A. G., “Bifurcation phe-
nomena in a semiconductor superlattice subject to a tilted magnetic field,” Phys. Lett. A 380, 12, 98105
(2016).

[26] Schomburg, E. et al., “Self-sustained current oscillation above 100 GHz in a GaAs/AlAs superlattice,” Appl.
Phys. Lett. 74, 2179 (1999).

[27] Makarov, V. V., Hramov, A. E., Koronovskii, A. A., Alekseev, K. N., Maksimenko, V. A., Greenaway, M.
T., Fromhold, T. M., Moskalenko, O. I., Balanov, A. G., “Sub-terahertz amplification in a semiconductor
superlattice with moving charge domains,” Applied Physics Letters 106, 043503 (2015).

[28] Renk, K. F., et al., “Subterahertz Superlattice Parametric Oscillator” Phys. Rev. Letters 95, 126801 (2005).

[29] Ignatov, A. A., “Excitation of relaxation oscillations in a semiconductor superlattice by incident waves:
efficient terahertz harmonics generation,” Semicond. Sci. Technol 26, 055015 (2011).
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